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ABSTRACT 

The Multifunctional Role of Substrate-Binding Proteins in Heme Uptake and Antimicrobial 

Resistance 

Kari J. Tanaka 

Pathogenic bacteria scavenge essential nutrients including metals, amino acids and 

peptides to survive within the hostile host environment. Bacteria utilize ATP-binding cassette 

(ABC) transporters, powered by the energy of ATP hydrolysis, to move substrates across cellular 

membranes. The substrate-binding protein (SBP) shuttles substrate in the periplasm and directs 

the substrate specificity of the transport system. The focus of this dissertation is the 

multifunctional substrate specificity of SBPs at the interface of the host–pathogen interactions 

that are necessary for nutrient uptake and antimicrobial resistance. Nontypeable Haemophilus 

influenzae (NTHi) is an opportunistic pathogen and has four Cluster C SBPs, nthiHbpA (heme-

binding protein), nthiOppA (oligopeptide-binding protein), nthiSapA (sensitivity to antimicrobial 

peptides) and NTHI0310 (putative peptide-binding protein). Unlike other SBP families, some 

members of the Cluster C family recognize two distinctly different substrates, their canonical 

substrates and heme. As a heme auxotroph, NTHi relies on host hemoproteins as a source of the 

essential nutrient. The work in this thesis identifies the heme specificity of the NTHi Cluster C 

SBPs, defines their binding affinities for canonical and heme substrates, and uncovers ligand-

specific sites in the binding pocket for canonical substrates and heme. These studies provide 

insight into the overlapping function of these Cluster C SBPs in heme uptake and the 

multisubstrate binding of their canonical substrates and heme to maintain virulence in the host 

environment. 
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Selective Substrate Uptake: The Role of ATP-Binding Cassette (ABC) Importers in 
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uptake: The role of ATP-binding cassette (ABC) importers in pathogenesis. Biochim. Biophys. 

Acta 1860, 868-877 
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1.1. Introduction 

Bacterial colonization is dependent on the ability to obtain essential nutrients from 

surrounding environments. Bacteria have evolved to utilize a variety of strategies to acquire the 

necessary nutrients for homeostasis and pathogenesis. To resist bacterial colonization, a host can 

increase the antibacterial agents at the site of infection and/or limit the availability of nutrients to 

bacteria (1). Bacteria respond to host-mediated nutrient deprivation, antibacterial defenses and 

other stressors, often taking advantage of changes in the host microenvironment associated with 

disease manifestation, by adapting strategies to overcome the host’s immune system. 

Understanding how bacteria ‘sense’ and ‘respond’ to changes in host microenvironments will 

increase our understanding of the virulence factors that contribute to the pathogen’s overall 

fitness or the ability to cause disease. Bacterial transport proteins are necessary for nutrient 

uptake and are a major factor in host-pathogen interactions. Mutagenesis studies that target the 

components of ATP-binding cassette (ABC) transporters have revealed a subset of these 

transporters play a significant role in the survival and proliferation of pathogens within the host. 

This chapter summarizes research on a range of ABC importers with a role in virulence and 

highlights some of the ways researchers are targeting transport proteins to decrease 

pathogenicity.  

 

1.2. ABC Transporters: Structure and Function  

A diverse group of transport proteins maintain a delicate balance of transport activities 

across cellular membranes. One family of transport proteins, ABC transporters, which consists of 

both exporters and importers, are conserved from bacteria to humans. Expression and transport 

activity of ABC transporters are tightly regulated to balance the need for essential nutrients and 
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the effects of substrate toxicity. ABC exporters are responsible for the transport of diverse 

substrates such as antibiotics, lipids and proteins. ABC importers transport specific substrates 

across the membrane into the cytoplasm of bacteria and archaea (2). ABC importers transport a 

broad range of substrates including sugars, metals, peptides, amino acids, and other metabolites 

(3). Exporters and importers share the same mechanism of ATP binding and hydrolysis to power 

the translocation of substrates across the membrane (4). 

 

1.2.1. Type I, II, and III ATP-Binding Cassette (ABC) Importers  

ABC importers are further divided into three categories; Type I, Type II and Type III 

transporters (also known as energy-coupling factor (ECF) transporters) (5). This distinction 

evolved out of the differences in overall architecture and variations in the transport mechanism 

of each subtype. Type I and II ABC importers utilize a substrate-binding protein (SBP) to deliver 

substrate to the transporter. The SBP is located in the periplasm of Gram-negative bacteria and is 

tethered to the cytoplasmic membrane or transporter in Gram-positive bacteria (Figure 1.1) (6). 

These SBPs recognize and deliver substrates to the cognate ABC transporter. The SBPs are 

categorized into several clusters based on overall structure of the proteins (7). Despite 

architectural differences, all SBPs contain at least two domains or lobes with a pocket at the 

interface for substrate binding.  

Type I and II transporters consist of transmembrane domains (TMD) embedded in the lipid 

bilayer that form the translocation channel and nucleotide-binding domains (NBD) for 

hydrolyzing ATP. While there are several conserved motifs in the NBDs that play a role in ATP 

binding, sequence conservation amongst TMDs is low. However, the overall topology between 

types of ABC transporters seems to be conserved; Type I ABC transporters typically have 6 
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helices per TMD while Type II have 10-12 helices. TMDs and NBDs dimerize and assemble the 

minimal unit of an importer, with the SBP as the fifth component of the complex (Figure 1.1) 

(2). Some importers also contain an accessory domain as part of the NBD, often conferring the 

ability to regulate transport activity (8). Different from Type I and II importers, ECF transporters 

consist of four components, which include the substrate-specific binding component (EcfS), 

transmembrane component (EcfT) and two nucleotide-binding domain components (EcfA and 

EcfA’). EcfT, EcfA and EcfA’ are the conserved components which make up the energizing 

module, while EcfS is substrate specific (9). The EcfS is embedded in the lipid membrane and 

binds to substrates, replacing the need for the SBPs present in Type I and II importers (10). The 

general architecture and assembly of ABC transporters are depicted in Figure 1.1. 

 

1.2.2. Mechanism of Substrate Transport 

In addition to the unique architecture, the mechanism of transport differs between the 

classes of importers. While there are variations in the details of the mechanisms of Type I and II 

transporters, the TMDs rearrange providing alternating access from the one side of the bilayer to 

the other, allowing for unidirectional transport. Structural studies of ABC transporters in 

complex with SBPs have revealed how each SBP forms a complex with the TMDs of its cognate 

transporter to deliver substrate to the translocation pathway. Binding of substrate by the SBP and 

formation of the transporter complex determines selectivity for substrate transport (for 

comprehensive reviews on the mechanism and selectivity of ABC transporters see (5,11-13)). 

Alternatively, the S component of the ECF transporter binds substrate and rearranges position to 

deliver it across the lipid bilayer (14). In a mechanism unique to Type III transporters, a subclass 

of ECF transporters bind a number of EcfS components interchangeably (10). These transporters 
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Figure 1.1 Protein architecture and assembly demonstrates diversity of ABC transporters. 

(A) ABC transporter assembly for Type I and II importers. The transmembrane domain (TMD), 

nucleotide binding domain (NBD) and substrate binding protein (SBP) are represented by ovals, 

rectangles and spheres with an opening for substrate binding, respectively. Importers consist of 

homo- and heterodimers of TMD and NBD components. (B) For Type III ABC transporters, 

each transporter is comprised of the energizing module and (EcfT, EcfA, EcfA’) and EcfS or 

multiple EcfS components share an energizing module. (C) Four representative examples of 

ABC transporters based on the Type I, Type II and Type III classification. Type I Alginate 

transporter AlgM1M2S2-AlgQ2 from Sphingomonas sp. (PDB ID: 4TQU) and Molybdate 

transporter MolB2C2-ModA from Archaeoglobus fulgidus (PDB ID:2ONK). Type II heme 

transporter BhuU2V2 in complex with SBP, BhuT, from B. cenocepacia (PDB ID: 5B58). The 
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TMDs are colored in light cyan or light green, NBDs in light yellow or light pink and the SBPs 

are colored light orange. Accessory domains in Type I transporters are colored grey. For the 

Type III transporter, Folate ECF transporter from Lactobacillus delbrueckii, the NBD 

components are colored in light pink, the S-component in wheat and the T-component in light 

purple.  

  



24 

are composed of the same EcfT and EcfA and EcfA’ modules but utilize different EcfS 

components depending on which substrate is transported (Figure 1.1) (15).  

 

1.3. ABC Transporters: Nutrient Acquisition and Pathogen Virulence  

Nutrient acquisition is essential for all bacteria, commensals and pathogens, to establish 

colonization in the host. Many importers play an essential role in nutrient delivery; for example, 

ECF transporters for riboflavin are commonly found in the Listeria monocytogenes, Bacillus 

subtilis and Clostridium difficile while the Type I zinc importer, ZnuABC is present in Brucella 

abortus, Yersinia pestis, and Proteus mirabilis (16,17). Pathogenic bacteria can rapidly adapt to 

changing host microenvironments, particularly those associated with infectious diseases, through 

nutrient acquisition by select ABC transporters. In this manner, nutrient acquisition is critical for 

pathogen virulence, or ability to cause disease. The mechanisms of nutrient acquisition then, are 

key virulence determinants used by pathogens to mediate disease. (16,17). While these essential 

nutrient acquisition systems are expected to impact virulence of a bacterial pathogen, in many 

cases there remains a lack of information linking these systems to pathogen virulence, primarily 

assessed by phenotypic characterization of transporter mutants in animal models of infectious 

diseases. While many of these key transport systems in pathogens remain to be identified, a few 

select ABC importers have been shown to be critical to the virulence of bacteria, establishing 

these proteins as virulence factors (Table 1.1). These virulence factors transport an array of 

substrates including transition metals, peptides and amino acids. In this chapter, we take a closer 

look at ABC importers as virulence determinants of pathogenic bacteria, often supported by loss 

of virulence through genetic deletion of components of essential ABC transporter genes.   

  



Table 1.1. Select ABC transporters that play a role in full virulence.  

 

  2
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1.3.1. Metal Transporters  

All bacteria require essential metals to carry out biological processes. Iron, cobalt, nickel, 

copper, zinc, and manganese are all trace elements that play a role in a myriad of biological 

processes, including enzyme cofactors, necessary structural components of proteins, or resistance 

to oxidative stress (18). To fulfill this need for trace metals, bacteria utilize several metal 

transport systems that tightly regulate the uptake of metals, allow for expulsion of excess metals 

to avoid toxicity, and maintain homeostasis. To defend against the invasion of bacteria, 

mammals have developed ways to restrict the availability of essential metals in the host 

environment, a process called nutritional immunity (19,20). For example, to limit a pathogen’s 

access to iron, the host sequesters nutrients via lactoferrin or transferrin bound iron and 

hemopexin in complex with heme (21). Bacteria have adapted to iron sequestration by utilizing 

siderophores and receptors that can bind these host-derived proteins for iron acquisition (22,23). 

Once acquired, iron and heme substrates are transported into the cytoplasm by a series of 

transport proteins, such as the TonB-dependent system, symporters, and ABC importers. While 

the type of transport proteins that are involved in pathogenicity is broad and covered in many 

comprehensive reviews (19,24,25), we have selected a few metal ABC importers to highlight the 

role they play in maintaining bacterial virulence. 

Zinc is required for the proper folding and stability of proteins in the cell and serves as a 

catalyst for many enzymes. Even though zinc is an essential nutrient, it also plays a role in the 

host defense mechanism as high levels of zinc can be toxic to a bacterium (25). In addition to 

other transport proteins, ZnuABC, a high affinity zinc MZT (Manganese/Zinc/Iron Chelate 

Uptake) family transporter, contributes to pathogen survival in the infected host. ZnuA, ZnuB 

and ZnuC encode for the substrate binding protein, the transmembrane domain and the 
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nucleotide-binding domain, respectively. In Brucella abortus, an intracellular pathogen capable 

of infecting domestic animals and occasionally humans, znuA is required for growth in zinc-

limited conditions. Loss of ZnuA decreased the ability of B. abortus to replicate in RAW 264.7 

macrophages and increased clearance in BALB/c mice (26). In S. enterica serovar Typhimurium, 

a znuA mutant strain was also less virulent in BALB/c and DBA-2 mice compared to the 

wildtype strain (27). These data correlate with a previous study of a S. Typhimurium zur (znu 

regulatory gene) and znuC knockout (28). A znuA mutant knockout in Campylobacter jejuni 

shows that the SBP is essential for colonization of the chick gastrointestinal tract (29). For 

Moraxella catarrhalis, an otitis media (OM) pathogen associated with clinical exacerbation of 

chronic obstructive pulmonary disease (COPD), znuABC is necessary for invasion of human 

adenocarcinoma epithelial A549 cells and persistence in respiratory tract of BALB/c mice (30).  

While znu mutations resulted in a marked decrease in virulence in some pathogens, others 

showed no phenotype with loss of the znu system. However, bacterial attenuation was observed 

when znu deletions were combined with other mutations or when mutant strains were coinfected 

with wildtype strains. In uropathogenic Escherichia coli (UPEC), loss of ZnuA and ZupT (ZRT-, 

IRT-like Protein family) proteins decreased the bacterial load in the murine urinary tract and 

kidneys in both a single-strain infection and when the mutant was coinfected with the wild type 

strain (31). In Y. pestis, deletion of irp2, the Ybt siderophore synthetase, in the znuABC mutant 

background resulted in a significant loss of virulence due to a defect in zinc acquisition (32,33). 

While the znuABC mutant has a severe in vitro growth defect, the irp2 znuABC mutant is 

attenuated in the septicemic plague mouse model (32). Further, zinc uptake in Y. pestis is a 

concerted effort between components of the Ybt system, ZnuABC, and possibly a second high-

affinity zinc transporter, yet to be identified, which all contribute to virulence (33,34). During 
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coinfections of Acinetobacter baumannii, an opportunistic and nosocomial pathogen, the loss of 

the TMD strain results in wildtype outcompeting the znuB mutant for colonization in lungs and 

livers of C57BL/6 mice (35). In Proteus mirabilis, a common cause of complications in urinary 

tract infections, the NBD znuC mutant strain failed to survive in the bladder and kidneys of 

CBA/J mice when coinfected with wildtype, indicating that ZnuABC contributes to the fitness of 

P. mirabilis in murine urinary tract infections (36). Co-challenge studies show that ZnuABC is 

not required to colonize the host but offers a competitive advantage during infections.  

The ability to transport manganese into the cell is critical for the detoxification of free 

radicals and protection against oxidative damage caused by hydrogen peroxide. SitABCD, 

YfeABCD, PsaABC, and MntABC have all been implicated in manganese transport, and their 

role in divalent cation transport also places them in the MZT family (37,38). These importers 

play a role in virulence in S. Typhimurium and Neisseria gonorrhoea (39). In N. gonorrhoeae, a 

mucosal pathogen often associated with the genitourinary tract, MntABC is the Mn2+ and Zn2+ 

transporter. MntC, the SBP, recognizes both substrates with the same binding pocket and has a 

similar affinity to each substrate, approximately 1 μM (40). Individual mutations of mntAB and 

mntC show a significant reduction in invasion of primary cervical epithelial cells, and both 

mutants are deficient in forming biofilms (40). In Bartonella henselae, a bacterium commonly 

transmitted to humans through a cat flea or cat bite, deletion of the SBP and NBD, sitA and sitB, 

decreases the ability for the pathogen to survive in cat fleas. Interestingly, the B. henselae sitAB 

knockout does not impact the invasion of human endothelial cells but has a decreased rate of 

survival when compared to the control (41). 

Iron, in its many forms, is required for essential processes in the bacteria, and iron 

deficiency can impact nucleotide synthesis, ATP production, and the activity of numerous 
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critical enzymes (18,42). SitABCD along with other transport proteins, MntH (NRAMP family) 

and Feo (GTPase), import ferrous iron. In avian pathogenic E. coli, APEC O78 strain X7122, 

sitABCD mutant strain was partially attenuated in its ability to colonize the lungs, livers and 

spleens of infected chickens and was further attenuated in a coinfection model with wildtype. 

Loss of both divalent cation transporters, sitABCD mntH demonstrated the greatest reduction in 

bacterial load in the lungs, liver and spleen. Interestingly, the bacterial load of the sitABCD feo 

mutant was lower in the lungs and spleen, but not the liver, suggesting tissue tropism (43). In 

contrast, MntH and Feo single and double mutants did not reduce bacterial load, suggesting an 

important role for SitABCD in avian pathogenic E. coli colonization. Additionally, S. 

Typhimurium requires both divalent cation transporters, MntH and SitABCD, for full virulence 

in wildtype NrampG169 mice following intraperitoneal infection, with only partial attenuation for 

each individual mutation (44). Single mutations of Y. pestis yfeAB or mntH did not show a 

significant loss in virulence. However, the yfeAB mntH double mutant shows a substantial 

decrease of virulence in the bubonic plague mouse model compared to the parent strain. 

Furthermore, double mutants were fully avirulent in a mouse model of pneumonic plague (33). It 

is interesting to note that a feoB yfeAB double mutant in Y. pestis also results in a decrease of 

virulence in the bubonic plague mouse model when compared to the parent strain, whereas single 

mutations did not (45).    

For nickel and copper, studies indicate the ability to properly regulate the transport of these 

metals is important for the survival of bacterial pathogens (1). Copper is a common cofactor for 

oxidases and plays a role in the formation of reactive oxygen species (ROS) (25). However, due 

to copper toxicity and antibacterial properties (46,47), bacteria utilize a number of mechanisms, 

including copper exporters, to transport copper out of the cytoplasm where it is detoxified or 
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released into the extracellular space (1,48,49). Nickel is a common cofactor of many enzymes, 

including urease, an enzyme that hydrolyzes urea into ammonia and carbamate, and is important 

for maintaining a neutral cytosolic pH (50). Nickel uptake has been shown to be essential for 

colonization of pathogens, including S. aureus and the human gastric pathogen Helicobacter 

pylori (51). Nickel import is controlled by several uptake systems, including a member of the 

Peptide, Opine and Nickel Uptake (PepT) transporter family, CntABCDF, and a recently 

discovered nickel transporter, NiuBDE. Recent work has identified gastric Helicobacter species 

that have acquired nickel transporter genes through horizontal gene transfer (52). Whereas 

NiuBDE and NixA function independently to transport nickel, both transporters participate in 

nickel-dependent urease activation at pH 5 and promote survival of H. pylori in the acidic 

environment of the stomach. However, only NiuBDE transports transport nickel for urease 

activation at neutral pH and is essential for colonization of the mouse stomach suggesting 

preferential transport of nickel with changing microenvironments (52). S. aureus CntABCDF, 

originally annotated as opp1, is a cobalt and nickel transporter that impacts urease activity and 

bacterial colonization in the systemic and urinary tract infection models. BALB/c mice infected 

with the cnt operon deletion strain were twice as likely to survive compared to infection with 

wildtype, and in the urinary tract infection mouse model, bacterial load of kidneys and bladders 

was lower for the cnt mutant strain (53). 

 

1.3.2. Amino Acid Transporters  

With limited resources, pathogenic bacteria, such as S. aureus and Salmonella, rely on 

numerous host amino acids and require multiple amino acid transporters to fulfill their metabolic 

requirements for growth, persistence, and virulence (54,55). Since amino acids are essential 
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nutrient sources for carbon and nitrogen, as well as, recycling amino acids for protein synthesis 

in bacteria, they are central to the host–pathogen metabolic interaction. Amino acids also play a 

role in cellular responses of pathogens. Increased levels of asparagine in the host induces 

expression of bacterial virulence genes during Streptococcus pyogenes infection (56). 

Francisella tularensis and Mycobacterium tuberculosis require de novo tryptophan synthesis to 

circumvent the depletion of host tryptophan as a result of the active T cell response (56). 

Chlamydia trachomatis evades host nitric oxide production by limiting arginine, which deprives 

nitric oxide radicals (iNOS) of substrate (57). For euedaphic human pathogenic bacteria, such as 

Bacillus anthracis and L. monocytogenes, ammonia is the primary nitrogen source in the non-

host environment (58); in contrast, L-glutamine and L-glutamate are widely available nitrogen 

source in the host environment (59). Additionally, the host increases L-glutamine levels to 

activate immune defenses, which is necessary to maintain function of lymphocytes and 

macrophages (60). Nutrient uptake by amino acids transporters is important for bacterial 

survival, and many of these transporters have been identified as virulence factors utilized by 

pathogens during successful infection. 

L-glutamate, an essential amino acid for bacterial growth and intermediate product for 

ammonium assimilation, is a precursor for the synthesis of the antioxidant glutathione (61,62). 

Neisseria meningitides, an exclusively human pathogen, requires glutamate for growth in vitro 

and the intracellular milieu (63). Specifically, the SBP GltM (NMB1964) and the TMD GltT 

(NMB1965) of the meningococcal L-glutamate ABC transporter, a homolog of phospholipid-

uptake MlaBDEF transporter in E. coli, imports glutamate under low Na+ conditions (64,65). 

This transporter is essential for survival during infection of epithelial cells and resistance to 

neutrophil oxidative burst (65-67). The null N. meningitidis ΔgltT ΔgltM mutant was defective in 
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the internalization into human umbilical vein endothelial cells and the human adenocarcinoma 

epithelial A549 cells (68). A recent study showed GltT-GltM is necessary for glutamate uptake, 

which is used to produce glutathione, for increased meningococcal survival during infection of 

human brain microvascular endothelial cells (69).  

Like glutamate, L-glutamine also serves as the primary nitrogen source of pathogenic 

bacteria (70). The glutamine GlnHPQ transporter is a member of the Polar Amino Acid Uptake 

Transporter (PAAT) family. GlnH, the SBP, is found in the periplasm in Gram-negative bacteria, 

and E. coli GlnH has an affinity of 0.3 μM for glutamine (71). GlnHPQ in combination with 

glutamine synthetase, glnA, is required for virulence of S. Typhimurium. Double mutants of the 

glutamine synthetase and the SBP or the NBD, ΔglnA ΔglnH or ΔglnA ΔglnQ, resulted in a 104-

fold decrease in competitive growth of the mutant strains and attenuated growth in mice 

compared to the wildtype strain (72). The glutamine ABC transporter is required for virulence of 

Group B streptococci. Group B streptococci can cause sepsis in newborns and adults with 

chronic conditions, such as, diabetes or liver disease and Streptococcus pneumoniae, an 

opportunistic pathogen in the human respiratory tract, causes ear and sinus infections, 

pneumonia, and meningitis (73). In Gram-positive S. pneumoniae, deletion mutants of the fused 

TMD and SBP, GlnP_H and the NBD, GlnQ, showed significant attenuation in the ability to 

cause pneumonia and septicemia in a mouse infection model (74). When the macrophage-like 

cell line J774A.1 was infected with gln mutants, the number of internalized and viable 

pneumococci was significantly lower than wildtype. These phagocytosis studies suggest the Gln 

uptake system might play a role in resistance to oxidative stress during host infection (74). In 

Group B streptococci, a ΔglnQ mutant shows decreased fibronectin adherence, lower invasion of 

human adenocarcinoma epithelial A549 cells in vitro, and decreased virulence in neonatal rats 
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(75). Inactivation of L. monocytogenes glnPQ abolished glutamine uptake, lowered the response 

of type I interferon in infected bone marrow-derived macrophages, and down-regulated 

transcription of virulence factors, such as, hly, plcA, plcB, and actA (76). Liver and spleen 

colonization of C57BL/6 mice intravenously injected with the ΔglnPQ mutant was reduced 

compared to the wildtype strain, leading to a 30-fold and a 10-fold decrease in bacterial load of 

the liver and spleen, respectively (76). 

As precursors for membrane fatty acids, BCAAs are key co-regulators of growth and 

virulence of pathogenic bacteria. Interestingly, the livHMGF BCAA transporter, a member of the 

Hydrophobic Amino Acid Uptake Transporter (HAAT) family, has two SBPs. The 

leucine/isoleucine/valine (LIV) SBP, also known as LivJ, has been co-crystallized bound to 

isoleucine, leucine and valine with dissociation constants of 0.4, 0.4, and 0.7 μM, respectively 

(77,78). Additionally, LivJ weakly interacts with alanine, serine, threonine and phenylalanine 

(79,80). LivK, known as the leucine-specific (LS) SBP, recognizes leucine with a binding 

affinity of 0.4 μM and surprisingly, phenylalanine with an affinity of 0.18 μM (81). The structure 

of LivK bound to leucine and phenalanine identified residues in the binding pocket responsible 

for determining substrate specificity for the bulkier hydrophobic amino acids in comparison to 

LivJ (82). Interestingly, the ΔlivHMGF mutant has decreased virulence in disease models 

dependent upon serotype-specific phenotypes. Loss of livHMGF in S. pneumoniae serotype 4 

strain TIGR4 leads to lower virulence in the pneumoniae mouse model, a modest decrease in 

virulence in the systemic model, which is not statistically significant, and no difference in the 

nasopharyngeal infection model. However, in the S. pneumoniae serotype 3 clinical isolate 

0100993, the ΔlivHMGF mutant is attenuated in the pneumoniae and systemic model (83).  

The ability to bind and import amino acids is important for bacteria to establish infection. 
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In many cases, loss of substrate binding proteins (SBPs) of amino acid uptake ABC transporters 

attenuates infection. Recently, Murphy et al. demonstrated that deletion of several amino acid 

SBPs in M. catarrhalis, including the lysine and ornithine transporters, showed a reduced ability 

to invade human adenocarcinoma epithelial A549 cells (84). In the Gram-positive human 

pathogen, L. monocytogenes, the SBP of cysteine transporter, CtaP, was shown to contribute to 

virulence in a murine model of intravenous infection. The ΔctaP deletion mutant had increased 

membrane permeability and acid sensitivity, reduced bacterial adherence to host cells, and lower 

colonization of the gastrointestinal tract of mice (85).  

Expression of DalS, the SBP of D-alanine ABC transporter (STM1633-STM1636) in S. 

Typhimurium, limits exposure to oxidative damage elicited by D-amino acid oxidase (DAO) in 

neutrophils. The ΔdalS mutant was more susceptible to DAO-dependent killing during host 

infection (86). In addition, the ΔdalS strain showed decreased replication in the RAW 264.7 

macrophage cells compared to the wildtype strain. The mean survival time of C57BL/6 mice 

orally infected with wildtype S. Typhimurium was a day shorter than mice infected with ΔdalS 

deletion mutant (87).  

MetQ is the SBP of the methionine-uptake MetQNP ABC transporter in S. pneumoniae, 

and is another serotype-specific virulence factor (88). Coinfection of wildtype and ΔmetQ strains 

of S. pneumoniae serotype 3 clinical isolate 0100993 showed attenuated colonization of the metQ 

mutant in the nasopharynx and spleens of CD1 mice (83). However, for single-strain infections, 

virulence of the ΔmetQ mutant in CD1 mice was unchanged compared to wildtype in the S. 

pneumoniae serotype 3 strain (89). In contrast, bioluminescent imaging in real-time showed a 

ΔmetQ mutation in S. pneumoniae serotype 2 strain D39 showed significantly attenuated 

virulence in an acute pneumonia mouse model (90). Similarly, metQ of the methionine MetNIQ 
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transporter plays no role in epithelial cell invasion of M. catarrhalis, but facilitates persistence in 

the murine lungs (84).  

 

1.3.3. Peptide Transporters  

Small peptides are transported by the PepT sub-family of ABC importers. This subset is 

classified by structure and sequence identity and includes well-characterized peptide 

transporters, dppABCDF, oppABCDF, and sapABCDF. Interestingly, as mentioned above the 

PepT family also includes nikABCDF and CntABCDF, which are not known to import peptides, 

but share the overall structural similarity to the peptide transporters in this family (91). Peptide 

transporters are necessary for the import of peptides derived from host proteins, like hemoglobin 

and proteasomal degraded proteins (92,93) as a source of nutrients, and for importing 

environmental cues for cellular functions, such as, chemotaxis, conjugation, and sporulation (94-

96). The dipeptide transporter, dppABCDF (97), has been implicated in virulence, but only the 

oppABCDF, sapABCDF and yejABEF systems are directly identified as virulence factors (98-

100).  

In addition to their role in metabolic activity, the sap and yej systems recognize 

antimicrobial peptides (AMPs) produced by the host innate immune system. A wide range of 

organisms, including eukaryotes, plants, and bacteria, produce AMPs (101). During infection by 

pathogenic bacteria, host epithelial cells up-regulate the expression of AMPs and recruit AMP-

secreting cells to the infection site, such as macrophages or neutrophils. Peptide ABC 

transporters recognize small cationic AMPs, including α-defensins, β-defensins, cathelicidins, 

and polymyxins. The role of ABC transporters in peptide uptake and AMP resistance is vital for 

pathogen survival and replication in the hostile host environment. 
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Bacteria scavenge peptides from the environment, which provide a source of carbon, 

nitrogen, and/or amino acids, during homeostasis and pathogenesis. Lactococcus lactis OppA, 

the SBP of the opp system, binds peptides from 4aa up to 35aa long (102). Structural and 

functional studies indicate that OppA from L. lactis can bind peptides of varying length 5, 8, 9, 

12 and 20aa, with an affinity range from 0.1-100μM, with the highest affinity for 9aa peptides 

(103). M. catarrhalis oppA is necessary for invasion of human adenocarcinoma epithelial A549 

cells (84). Pulmonary clearance of the ΔoppA mutant strain of M. catarrhalis was increased 

compared to the parent strain in the mouse model (104). Deletion of oppB, the TMD, in Bacillus 

thuringiensis, which is closely related to the pathogen causing food-borne gastroenteritis Bacillus 

cereus, significantly reduced the mortality rate of Galleria mellonella insect larvae by B. 

thruingiensis spores (105). The opp system is linked to the up-regulation of other virulence-

associated genes, such as, speB, for cell adhesion and plcR, a virulence regulator (105,106). 

However, the opp-transported peptide and the signal transduction pathway to induce virulence 

genes are still unknown. 

The sapABCDF system is a key virulence factor of AMP resistance, in vivo colonization, 

and persistent survival in the host environment. The AMP resistance of the sap operon was first 

described in S. Typhimurium and Dickeya dadantii (previously known as, Erwinia 

chrysanthemi) (107,108). Nontypeable Haemophilus influenzae (NTHi), the causative agent of 

middle ear infection, has increased sap promoter activity during colonization of the chinchilla 

model of OM (109). SapA, the SBP, is thought to be specific for AMPs with positive charges, 

including cathelicidin, melittin, and defensins (110). Although the structure of SapA bound to 

AMPs has not been solved, deletion of sapA increases sensitivity of NTHi to chinchilla β-

defensin 1 (cBD1) (109). Loss of sapA also leads to a decrease in human bronchial epithelial cell 
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and chinchilla middle ear epithelial cell adhesion of NTHi (111). Virulence of NTHi was 

attenuated in the chinchilla middle ear and nasopharynx by the ΔsapA mutant (109). Importantly, 

humans infected with a ΔsapA mutant of Haemophilus ducreyi, a causative agent of the sexually 

transmitted infection that causes skin ulcers, formed pustules at half the rate of the parent strain 

(112). The TMDs of the sap operon have also been proven to play a role in virulence in these 

pathogens. AMPs are translocated across the cellular membrane via the TMDs. The permease-

deficient ΔsapBC strain exposed to sub-lethal concentrations of human cathelicidin (hLL-37) and 

human β-defensin 3 (hBD3) showed localization and accumulation of the AMPs in the periplasm 

and on the NTHi lipid membranes (113). While the sap operon in H. ducreyi has not been linked 

to defensin resistance, sapB and sapC are necessary for hLL-37 resistance and virulence in the 

host. The sapBC mutant had decreased pustule formation in human volunteers even at dose 10-

fold higher that the parent strain, and resulted in the full attenuation of H. ducreyi virulence 

(114). Additionally, sapD is associated with potassium homeostasis, and deletion of the NBD 

attenuated survival of NTHi in the chinchilla model (115).  

YejABEF confers resistance to cationic and cyclic AMPs, such as melittin, protamine, 

polymyxin B, and β-defensins (116). In murine macrophage cells, a microarray showed that S. 

Typhimurium yejB, yejE and yejF are induced at least 2-fold during infection (100). 

Additionally, expression of yej genes increased when Brucella melitensis, which can be 

transmitted to humans by the stable fly from farm animals, was treated with polymyxin B (117). 

Deletion of the TMD, ΔyejE, or the entire operon, ΔyejABEF, in B. melitensis display decreased 

ability to invade and replicate in activated macrophages. These mutants had a bacterial load four 

orders of magnitude lower than the parent strain by the end of the incubation period (117). S. 

Typhimurium ΔyejF, the NBD, also had attenuated replication in hBD3 and human β-defensin 4 
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(hBD4) expressing intestine 407 cells, human β-defensin 2 (hBD2) expressing HeLa cells, and 

human β-defensin 1 (hBD1) and hBD2 expressing Caco-2 cells (116). The attenuated growth of 

B. melitensis and S. Typhimurium mutants in mouse Peyer’s patches, liver and spleen 

demonstrate the role of the yej transporter in bacterial survival during infection (116,117). While 

the structure and substrate selectivity of yejA is not as well characterized as other peptide SBPs, 

the yej system is essential for AMP resistance and bacterial virulence. 

 

1.4. Targeting Pathogenesis: Advances and Therapeutic Approaches 

Bacterial pathogens are a significant threat to human health, and the continued emergence 

of antimicrobial resistance has only amplified this danger. The mechanisms utilized by bacteria 

to acquire essential nutrients within the host and the nutrient sequestration of the immune 

response during infection can be capitalized upon to thwart the colonization of bacteria. 

Understanding the structure of ABC importers, defining the specificity of substrate translocation, 

and deciphering how these transporters fit into the overall survival mechanism of an organism 

has led to interesting approaches to combating these diseases.  

 

1.4.1.  Substrate Mimics  

ABC importers act as a natural gateway into the cell. Antibiotics that mimic transporter 

substrates can exploit these uptake pathways in a ‘Trojan horse’ mechanism. Bacteriocins are 

natural antibiotics produced by bacteria to give them a competitive advantage over their 

neighbors. These antibiotics mimic essential nutrients, such as iron-siderophore complexes or 

peptides, and are imported to the cell by ABC transporters (118). A peptidyl nucleoside 

antibiotic, pacidamycin, is imported by the nppA1A2BCD system and inhibits translocase I, 
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MraY, in Pseudomonas aeruginosa (119,120). The E. coli yejABEF system imports microcin C, 

a peptide-nucleotide antibiotic, which blocks the synthesis of tRNAasp (121). The SBP of E. coli 

an iron-siderophore transporter, FhuD, binds a siderophore-antibiotic conjugate that inhibits 

seryl-tRNA synthetase known as albomycin (Figure 1.2B) (122). ABC importers also play a role 

in the uptake of synthetic antibiotics. The dipeptide transporter, dppABCDF, imports orthine 

carbamoyltransferase inhibitor phaseolotoxin and translation initiation inhibitor kasugamycin 

(123,124). Additionally, kasugamycin and translation termination inhibitor blasticidin are 

imported via the oppABCDF system in E. coli (124). 

 

1.4.2. Inhibition of Substrate Binding  

Inhibitors that specifically target the SBPs of ABC transporters have also proven to be 

successful drug candidates. S. Typhimurium ZnuABC is one on such example. Two zinc-binding 

compounds, RDS50 and RDS51, were shown to inhibit S. Typhimurium ATCC14028 growth 

and decreased pathogen invasion of intestinal epithelial Caco-2 cells. The crystal structure of the 

RDS51-Zn(II)-ZnuA complex reveals that RDS51 (1-[(2-chlorophenyl)methyl]-4-phenyl-1H-

pyrrol-3-hydroxamic acid) binds near the zinc-binding site of the SBP (Figure 1.2D). RDS51 

bridges the globular domains by forming hydrophobic contacts with residues on both sides of the 

binding pocket and coordinates with the zinc ion, either disrupting ZnuABC complex formation 

or preventing the release of zinc (125).  

 

1.4.3. Vaccine Targets 

Vaccines are an alternative approach to antibiotics, and production of antibodies against 

the SBPs has proven to be a promising therapeutic. SBP OppA-immunized mice challenged with
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Figure 1.2. Substrate mimics that target ABC importer substrate binding proteins are 

promising targets for current therapies. (A) Crystal structure of FhuD bound to gallichrome, a 

ferrichrome analog (PDB ID:1EFD), and (B) antibiotic albomycin (PDB:1K7S). Substrates, 

gallichrome and albomycin, are dark blue and blue, respectively. (C) Crystal structure of ZnuA 

bound to zinc (PDB ID:4BBP, shown as grey sphere) and (D) zinc and inhibitor RDS51 complex 

(PDB ID:4BBP, shown as grey sphere and magenta sticks, respectively). For panels B and D, 

residues involved in inhibitor binding are labeled and shown as sticks.  
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Y. pestis had an increased survival time in comparison to the control group (126). Additionally, 

mice immunized with OppA had a significant reduction of M. catarrhalis colonies in the 

pulmonary clearance model (127). Further work is needed to elucidate the mechanism of oppA 

virulence and how OppA-raised antibodies protect against bacterial infection. A co-immunization 

study of S. pneumoniae, PiuA and PiaA, showed using the two iron SBPs antigens produced 

additive protection in mice (128). Mechanistic studies explained how anti-PiaA and anti-PiuA 

polyclonal rabbit antibodies did not inhibit growth of S. pneumoniae in iron-restricted conditions, 

indicating these antibodies protect mice against S. pneumoniae infection by promoting 

opsonophagocytosis, not restricting iron transport by the SBPs (129). Immunization with 

recombinant manganese SBP, MntC, elicits an anti-MntC IgG response capable of protecting 

mice against S. aureus (130). Structural and functional studies revealed the mechanism for 

MntC-induced immune protection. The MntC monoclonal antibodies interact with each of the 

globular lobes of MntC, including the binding pocket, potentially blocking the SBP-TMD 

interface and manganese binding (Figure 1.3) (131). In addition, a S. aureus vaccine that 

incorporates multiple antigens that target different virulence mechanisms, including MntC, has 

been successful in clinical trials (132).  

 

1.5. Thesis Summary and Objective 

There are many factors that influence bacterial survival and virulence within the host. As 

highlighted in Chapter 1, many bacteria colonize different tissues with a range of efficiencies, 

reflecting tissue tropism. Pathogens encounter a hostile host environment in vivo (e.g. 

fluctuations in pH, oxidative stress, toxins, nutrient sequestration, and microbiota); therefore, 

changing microenvironments may impact the ability of the bacteria to acquire necessary nutrients
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Figure 1.3. Anti-SBP antibodies have proven successful vaccine candidates. (A) Cartoon of 

crystal structure of MntC bound to manganese (PDB ID: 4K3V, shown as pink sphere) and (B) 

MntC with Fab fragment for antibody mAB 305-78-7 and iron (PDB ID:5HDQ). The Fab 

fragments heavy chain is colored in cyan while the light chain in light green. The residues 

implicated in antibody binding are colored brown. 
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for virulence. ABC transporters are pivotal for the transport of numerous diverse and essential 

substrates. For many of the transport systems covered in Chapter 1, loss of substrate delivery by 

the SBP affects microbial virulence. Recognition of the substrate by the SBP is the first step in 

substrate selectivity and is critical to microbial fitness in host microenvironments.  

The work in this thesis focuses on substrate specificity and affinity of multifunctional 

SBPs that are necessary for nutrient uptake and antimicrobial resistance. This project focused on 

the four Cluster C SBPs from NTHi, nthiHbpA, nthiOppA, nthiSapA and NTHI0310. NTHi is a 

widespread Gram-negative commensal that colonizes the human nasopharynx. As an 

opportunistic pathogen, NTHi is one of the principal bacteria isolated from the middle ear during 

OM infections (133). NTHi infections can also exacerbate other upper and lower respiratory tract 

diseases and induce complications for patients with chronic obstructive pulmonary disease and 

cystic fibrosis (134-136). OM has a high spontaneous rate of recovery, but can also lead to 

complications like chronic OM, recurrent acute OM, OM with effusion and other respiratory 

diseases, such as acute sinusitis and pneumonia (137).  

OM is the leading cause of antibiotic prescriptions for children in the US, even though 

antibiotic therapy has only modest benefits while increasing the risk of adverse drug side effects 

and antibiotic resistance (138). There is a vaccine to protect against H. influenzae infections. 

However, the Hib vaccine is only effective against preventing infections caused by H. influenzae 

serotype b and does not provide protection against unencapsulated NTHi. NTHi adapts to its 

changing microenvironments and defends against the host’s immune response by overcoming 

nutrient restriction, mitigation of oxidative stress, sequestration of antibodies, inhibition of 

chemotaxis, and resistance to AMPs (139-141).  

To circumvent host-mediated defenses, NTHi manages a complex network of transport 
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proteins to scavenge heme from the host environment. In Chapter 2, we probe the heme 

specificity and binding affinity of all four NTHi Cluster C SBPs using surface plasmon 

resonance (SPR). Surprisingly, I discovered shared heme specificity among all NTHi SBPs as 

well as for six E. coli Cluster C SBPs and observed the heme binding affinity of these proteins, 

nthiOppA < nthiHbpA < NTHI0310 < nthiSapA, ranged from about 200 nM to 1 μM. The 

functional overlap of these four Cluster C SBPs is advantageous for NTHi to maintain access to 

heme in the host environment. 

In Chapter 3, we explore the multisubstrate specificity of nthiOppA for heme and peptides. 

The crystal structure of nthiOppA bound to a novel hexapeptide features a flexible substrate-

binding pocket to accommodate the larger peptide. Heme binding of nthiOppA was modeled 

with ligand-docking studies and predicted a heme-specific cleft in the binding pocket. Using SPR 

competition assays, I uncovered peptide binding of nthiOppA can disrupt heme binding but does 

not completely abolish it. This led to the discovery that individual nthiOppA domains play 

differential roles in substrate binding, one domain drives heme binding and the other directs 

peptide binding. NthiOppA accommodates heme and peptide in ligand-specific sites of the 

binding cavity for its mutltifunctional role in nutrient uptake. 

The Sap transport system is at the interface of two pathways essential for NTHi survival, 

nutrient acquisition and resistance to AMPs. In Chapter 4, we examine the AMP binding affinity 

of nthiSapA. NthiSapA mediates defensin AMPs hNP1, hBD2, and hBD3 antimicrobial activity 

against NTHi. Using SPR, I observed nthiSapA has a high binding affinity for these defensin 

AMPs. NthiSapA maintained the same high binding affinity for simplified AMP fragments that 

contained only the loop regions of hNP1, hBD2 and hBD3. I also discovered peptide binding 

was independent of the loop structure of these AMP fragments. The high AMP binding affinity 
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suggests nthiSapA prioritizes substrate binding to prevent NTHi sensitivity to defensins.  

Chapter 5 summarizes the work presented in this thesis and highlights future directions for 

this project. Here, I consider the interplay between transport systems with overlapping function 

for bacteria to maintain access to essential nutrients in the host. We also examine the possible 

role of multifunctional substrate binding in complex formation and the regulation of these 

transport systems. The conclusion addresses the ultimate goal of this work, how SBPs and their 

cognate transporters can be used to improve the design of targeted therapeutics. 
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CHAPTER 2: 2 

Heme Affinity of Nontypeable Haemophilus influenzae (NTHi) Cluster C Substrate-

Binding Proteins* 
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Pinkett, H. W. (2019) Oligopeptide-binding protein from nontypeable Haemophilus influenzae 

has ligand-specific sites to accommodate peptides and heme in the binding pocket. J. Biol. Chem. 

doi: 10.1074/jbc.RA118.004479 
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2.1. Introduction  

2.1.1. Heme Acquisition: Hemophores, Outer Membrane Receptors, ABC Importers and 

Degradation in NTHi 

Iron is an essential nutrient for bacteria that acts as a redox cofactor in cellular machinery 

of key processes, including respiration and metabolism. Heme is the most abundant source of 

iron in the human host, most of which is found in hemoprotein complexes such as hemoglobin, 

haptoglobin, myoglobin, serum albumin and hemopexin. The limited bioavailability of heme 

leads bacteria to compete with the host for resources using a complex network of heme 

acquisition and utilization proteins. Many bacteria supplement the heme uptake pathway with 

their own biosynthetic pathway for heme production. However, NTHi lacks the necessary 

enzymes to synthesize heme and must rely on host hemoproteins as a source of the essential 

nutrient for aerobic respiration (142,143).  

To circumvent host-mediated nutrient restriction, NTHi has developed a network of 

proteins with overlapping function for heme acquisition and utilization. The NTHi pathway 

(Figure 2.1A) employs outer membrane receptors (hup, hgpA, hgpB, hgpC, hxuC, and hemR) to 

bind rarely available free heme, strip hemoproteins of their substrates, and capture heme-binding 

siderophores (144-148). Each outer membrane receptor recognizes a unique combination of host 

hemoproteins or free heme for utilization in the uptake pathway. In the case of HxuC, the key 

nutrient is also delivered by a hemophore, HxuA (149). Most heme receptors are powered by the 

TonB/ExbB/ExbD complex, anchored in the inner membrane, spanning the periplasm to harness 

the energy of the bacteria’s proton motive force to transport heme across the outer membrane.  

Once in the periplasm, heme is shuttled to ATP-binding cassette (ABC) transporters in the 

inner membrane. Members of the PepT subfamily of ABC transporters play a role in the heme
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Figure 2.1. Multiple outer membrane receptors and ABC transporters mediate heme 

uptake in NTHi. (A) The human host has many heme reservoirs targeted by NTHi for nutrient 

scavenging. NTHi has many heme outer membrane receptors to scavenge the essential nutrient 

from the host environment. The TonB/ExbB/ExbD complex provides energy to the outer 

membrane receptors to transport the heme across the membrane. ABC transporters in the inner 
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membrane import heme into the cytoplasm. Heme is then targeted to cytoplasmic hemoproteins 

or heme oxygenase for degradation (adapted from Faraldo-Gomez, 2003) (150). (B) The gene 

clusters of NTHi Cluster C SBPs and PepT importers. The opp and sap operons contain the SBP, 

two TMDs and two NBDs. The dpp operon includes the TMDs and NBDs without the 

corresponding dppA SBP. The remaining gene clusters include the orphan SBPs, hbpA and 

NTHI0310. 
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uptake pathway (151). NTHi has three ABC transporters in the PepT family, gene clusters dpp 

(dipeptide), opp (oligopeptide), and sap (sensitivity to antimicrobial peptides) (Figure 2.1B). In 

vivo studies have demonstrated the Dpp and Sap importers are important for heme uptake. 

Deletion of components in the dpp or sap operons reduced the ability of the bacteria to utilize 

heme and recover after heme-iron starvation, respectively (110,152-154). Dpp and Sap 

transporters are essential parts of the NTHi heme uptake network. To date, the role of the Opp 

importer in heme uptake has not yet been explored. 

In the cytoplasm, free heme promotes lipid peroxidation and produces reactive oxygen 

species, which results in apoptosis (155). Heme-trafficking and heme-sequestering proteins 

promote the storage of heme and regulate heme utilization to protect against free heme toxicity. 

Hemoproteins are necessary for electron transport, preventing oxidative stress, gas sensing, and 

oxygen transport. In addition to acting as a cofactor, heme can be degraded by heme oxygenase 

to produce iron for essential cellular processes including iron-sulfur formation and enzyme 

catalysis (156). Putative heme iron utilization protein from the hbpA gene cluster, NTHI1022, 

shares 46% sequence identity to H. pylori HugZ, a heme oxygenase (157). 

 

2.1.2. Cluster C Substrate-Binding Proteins (SBPs) in the Periplasmic Space  

Bacterial ABC importers require SBPs to acquire substrate in the periplasm and deliver it 

to the transporter. SBPs are defined by their substrate specificity and grouped into classes based 

on structural conservation, Clusters A-F (3). Substrates of the Cluster A SBPs are generally 

metal ions or chelated-metal molecules, and SBPs in the Cluster C family shuttle a wide range of 

substrates from nickel ions to AMPs. SBPs from both of these families are known to play a role 

in heme uptake. H. influenzae heme-binding protein (HbpA), a member of the Cluster C family, 
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was the first SBP identified to bind heme (158). Additional heme SBPs are found in the Cluster 

A (Iron Chelate Uptake Transport, FeCT) family, including Yersinia enterocolitica HemT, Y. 

pestis HmuT, Shigella dysenteriae ShuT, Bordetella pertussis BhuT and P. aeruginosa PhuT, but 

homologs of these Cluster A SBPs have not been identified in the NTHi genome.  

There are four SBPs from the Cluster C family in the NTHi genome, hbpA, oppA, sapA, 

and NTHI0310 (Figure 2.2). Each of the SBPs have specificity for a distinctive canonical 

substrate. NthiHbpA (also known as GbpA) mediates import of glutathione, nthiOppA transports 

a broad range of peptides and nthiSapA shuttles AMPs (154,159,160). The predicted topology 

and high sequence similarities to Cluster C SBPs led us to identify NTHI0310 as a member of 

this family. This putative peptide-binding protein shares the highest sequence identity with 

nthiOppA (Table 2.2), but its canonical substrate specificity has yet to be discovered.  

With more Cluster C SBPs than PepT transporter gene clusters in NTHi, orphan SBPs have 

versatility in complex assembly within this family and share importers for substrate uptake. 

NTHi lacks the gene encoding dppA, and nthiHbpA (55% sequence identity to ecDppA) is an 

orphan SBP without an encoded transporter in its operon. In H. influenzae, HbpA recognizes the 

Dpp transporter and delivers substrate for import into the cell (154). Similar to hiHbpA, orphan 

SBP NTHI0310 likely utilizes one of the PepT importers for substrate delivery.  

One striking feature of the Cluster C family is that members play dual roles in nutrient 

uptake, importing their canonical substrates and heme. Previous studies have characterized the 

heme-binding capability of some Cluster C SBPs, and their roles in importing heme into the cell. 

In H. influenzae, HbpA is necessary to use heme as an iron source during growth, and SapA is 

essential for NTHi survival in heme-starved growth conditions (110,161). In E. coli, the Cluster 

C nickel SBP, NikA, binds heme in vivo and has been suggested to play a role as a heme
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Figure 2.2. Canonical substrate binding of the NTHi Cluster C SBPs. NthiHbpA is necessary 

for the uptake of glutathione, nthiOppA is responsible for the import of oligopeptides and 

nthiSapA recognizes a specific group of peptides, AMPs. For NTHI0310, its canonical substrate 

has not yet been identified. 
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chaperone in the periplasm (162). An orphan SBP in E. coli, MppA delivers its murein tripeptide 

substrate to the Opp transporter, and both ecMppA and ecDppA are dependent on the Dpp 

transporter for heme uptake (163,164). In E. coli, a double mppA dppA deletion mutant was not 

able to use heme as an iron source during growth (164). These in vivo studies highlight the 

overlapping functionality of some Cluster C proteins and their roles in the heme uptake network 

for this heme auxotroph. 

Overlapping function of multiple heme receptors and ABC importers in the uptake 

pathway ensure bacteria have access to the essential nutrient in the host. Utilizing a combination 

of outer membrane receptors, each specific for different hemoproteins, allows NTHi to exploit 

the many forms of heme in the host environment. In vivo studies have identified some Cluster C 

proteins are involved in the heme uptake pathway and led to the hypothesis that the NTHi 

Cluster C SBPs also bind heme. SPR was used to compare the heme specificity and binding 

affinity of nthiHbpA, nthiOppA, nthiSapA, and NTHI0310. This work highlights the 

multifunctional roles of Cluster C systems and how each SBP has the potential to contribute to 

this vital pathway for NTHi survival.  

 

2.2. Experimental Procedures  

2.2.1. Materials 

A 10 mM heme stock solution was prepared by dissolving hemin chloride (Strem 

Chemicals, ferriprotoporphyrin IX chloride, Cat. No. 16009-13-5) in 100% DMSO, and the 

heme concentration was confirmed using the pyridine-hemochromagen method (165). A 1.54 

mM stock solution of heme was also dissolved in 100 mM NaOH (1 mg/mL is the maximum 

solubility of heme in NaOH). Zinc protoporphyrin IX (ZnPP) was used as a fluorescent analog of 
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heme (Frontier Scientific, Cat. No. Zn625-9).  A 1.60 mM stock solution was prepared by 

dissolving ZnPP in 100 mM NaOH. All heme and ZnPP solutions were aliquoted to limit freeze-

thaw cycles of the solutions and stored at -80°C. 

 

2.2.2. Bioinformatics Analysis  

The genome of NTHi 86-028NP was searched for Cluster C SBPs using BLAST queries.  

Four of these SBPs were identified in NTHi, HbpA, OppA, SapA, and a putative peptide-binding 

protein (NTHI0310). Percent identity and percent similarity comparisons between NTHi SBPs 

were calculated from pairwise sequence alignments (Table 2.2) generated by LALIGN using a 

BLOSUM50 matrix (EMBL-EBI). Alignment of NTHi SBPs was performed using ClustalW and 

superimposed with the secondary structure of nthiOppA in Jalview v2 (166). 

 

2.2.3. Expression Vectors of SBPs 

Expression constructs were amplified from the genomic DNA of the clinical strain of 

NTHi 86-028NP and E. coli str. K-12 substr. MG1655. Each construct was amplified without 

their predicted periplasmic signal sequence, nthiHbpA (residues 20-549), nthiOppA (residues 21-

541), nthiSapA (residues 24-564), NTHI0310 (residues 24-514), ecDdpA (residues 26-516), 

ecDppA (residues 29-535), ecMppA (residues 23-537), ecNikA (residues 23-524), ecOppA 

(residues 27-543), and ecSapA (residues 22-547) with the primers described in Table 2.1. The 

SBP constructs were cloned into the pET-21b vector using the NdeI and XhoI restriction sites to 

create constructs fused to a C-terminal His6-tag. All plasmids were verified by sequencing 

(ACGT Inc.). 

 



56 

Table 2.1. Cluster C SBP constructs. 

 
Res.

Start 

Res.

End 

MW 

(Da) 

Est. 

pI 
Primers 

nthiHbpA 20 549 60099.7 6.25 F: CACATATGATGGCTTGTGATCAATCTAGCTCGGCAAATAAA 

R: CACTCGAGTTTACCATCAACACTCACACCATAAAAAGCG 

nthiOppA 21 541 59837.2 6.24 F: CACATATGATGGTTATAGTGCCTGAAGGAACACAATTAGATG 

R:CACTCGAGATGTTTAATAATATAAAGATTGCGTAAGTAAATATG

ATCTTGTG 

nthiSapA 24 564 62867.4 6.90 F: CACATATGATGGCGCCAAGTGTTCCAACATTTTTAACTGAAAAT 

R: CACTCGAGGTGTTTCTCCTGAATAAAATATAAGGTGGAAAAATC 

NTHI0310 24 514 57239.7 5.89 F: CACATATGATGTGTGATAAATTGGATAGTCCTAAGCCTATTTCG 

R: CACTCGAGTTGACTTTGAACCTTTCTCCACAAATCTTTACT 

ecDdpA 26 516 56029.2 6.10 F: CACATATGATGGCCGTACCAAAAGATATGCTGGTGATT  

R: CACTCGAGTTTACTCATGGTATTGATATTGAAGACCTGTTC 

ecDppA 29 535 58531.3 6.04 F: CACATATGATGAAAACTCTGGTTTATTGCTCAGAAGGATCT  

R: CACTCGAGAAACATCACTTCGAAAACGTCTCTATCGAA 

ecMppA 23 537 58742.7 8.29 F: CACATATGATGGCAGAAGTTCCGAGCGCAC 

R: CACTCGAGATGCTTCACAATATACATAGTCCGACTGTA 

ecNikA 23 524 57426.3 5.83 F: CACATATGATGGCTGCACCAGATGAAATCACCAC 

R: CACTCGAGAGGTTTCACCGGTTTAATCTGTTCGAAC 

ecOppA 27 543 59484.1 6.11 F: CACATATGATGGCTGATGTACCCGCAGGCGT  

R: CACTCGAGGTGCTTCACAATGTACATATTCCGGGTAT 

ecSapA 22 547 60580.6 6.79 F: CACATATGATGGCGCCTGAATCTC CCCCG  

R:  CACTCGAGTGGTTTTTTCACCTCATCCTGTTTCTCG 
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2.2.4. SBP Expression and Purification  

SBP proteins were expressed in E. coli BL21(DE3) grown in 1 L cultures of Luria Broth 

media supplemented with 100 μg/mL ampicillin. Cells were grown at 37°C to early log phase 

(OD600 of 0.4) and then cooled to 16°C. After the incubator cooled, protein expression was 

induced (OD600 of 0.8) with 400 μM isopropyl 1-thio-β-D-galactopyranoside (IPTG). Cells were 

cultured overnight and harvested by centrifugation at 5000 rpm and stored at -80°C. Each step of 

the protein purification was carried out at 4°C. Bacterial cells were resuspended in buffer A (25 

mM HEPES pH 8, 500 mM NaCl, 15 mM imidazole pH 8) and lysed with a S-4000 sonicator 

(Misonix Sonicators). The cell debris was removed by centrifugation at 17,000 rpm for 1 h, and 

the soluble fraction was loaded on to an equilibrated nickel-nitrilotriacetic acid (Ni-NTA) 

affinity chromatography column (Thermo Fisher Scientific, Cat. No. 88223). The 5 mL column 

was rinsed with 10 column volumes of buffer A, followed by 5 column volumes buffer B (buffer 

A, supplemented to 25 mM imidazole pH 8). The SBPs were eluted with 8 column volumes of 

buffer C (buffer A, supplemented to 250 mM imidazole pH 8). Eluted protein (determined by 

SDS-PAGE to be >95% pure) was dialyzed overnight in buffer D (25 mM HEPES pH 7.5, 500 

mM NaCl). The protein was applied to a HiLoad 16/600 Superdex 200 size-exclusion 

chromatography column (GE Healthcare). Buffers for nthiHbpA and NTHI0310 were 

supplemented with 5 mM 2-mercaptoethanol. Protein fractions were pooled and concentrated to 

20 mg/mL. Proteins were stored in buffer D at -80°C until needed. 

 

2.2.5. Ligand-free SBP Purification 

To remove any ligand bound to the SBP during protein expression, the SBP was 

chemically denatured and refolded on the nickel affinity column. The bacteria cells were 
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resuspended, sonicated, and centrifuged as noted above. After the soluble fraction was applied to 

the affinity column and washed with 10 column volumes of buffer A (25 mM HEPES pH 8, 500 

mM NaCl, 15 mM imidazole pH 8), the protein was then denatured with 20 column volumes of 

denaturing buffer (6 M GdnHCl, 25 mM HEPES, 15 mM imidazole, pH 8). The column was 

rinsed with 10 column volumes of refolding buffers with decreasing concentrations of GdnHCl 

(buffer A supplemented with 3, 1.5, 1 and 0.5 M GdnHCl). To remove remaining GdnHCl, the 

column was washed with 1 column volume buffer A, and the protein was eluted with 8 column 

volumes of buffer C. The protein was dialyzed, applied to the Superdex column, and stored as 

mentioned above. 

 

2.2.6. Native PAGE Heme Shift Assay 

Heme-binding of SBPs was tested using native PAGE analysis. Chemically denatured and 

refolded protein samples of 5 μg were mixed with 5, 10, 15, 20, 25, and 50 molar ratios of heme 

(dissolved in NaOH). Samples were incubated on ice for 30 min and then combined with 4x 

sample loading buffer (40% glycerol). Non-denaturing Laemmli running buffer was prepared 

without detergent (25 mM Tris base, 192 mM glycine) and chilled at 4°C. Before loading the 

samples, 8% continuous polyacrylamide gels were pre-run at 150 V for 1 h on ice. 

Electrophoresis was performed at 150 V for 1.5 h on ice and gels were stains with Coomassie 

Brilliant Blue. 

 

2.2.7. Zinc Protoporphyrin Fluorescence Titration Assay 

A solution of 1 uM of nthiSapA was prepared in reaction buffer (25 mM Tris pH 7.5, 150 

mM NaCl, and 10mM NaOH) for fluorescence titration experiments. A working solution of 200 
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uM ZnPP diluted in reaction buffer and was titrated in steps of 0.1 to 2 uM. After each titration 

step, samples were stirred for 1 min, and then left to rest for 3 min in the dark at RT. Samples 

were excited at 425 nm and the emission spectra were collected from 550 nm to 750 nm, in 2 nm 

steps. A 1 mm excitation slit and a 1 mm emission slit were placed in the instrument before data 

collection. UV-grade 4 mL polyacrylic cuvettes were used (VWR International, Cat. No. 58017-

875). All fluorescence intensity experiments were performed using an ISS PC1 photon-counting 

steady-state fluorometer (ISS Inc.). The change in ZnPP fluorescence at 596 nm versus the ZnPP 

concentration was fit to a single-site binding model using GraphPad Prism 6.0. 

 

2.2.8. Heme Binding Affinity by Surface Plasmon Resonance (SPR)  

The heme affinities of the SBPs were measured by SPR. SBPs were immobilized on a 

Series S CM5 sensor chip (GE Healthcare, Cat. No. 29104988) using a standard amine-coupling 

method. Proteins were immobilized in PSP-P (20mM phosphate buffer, 2.7 mM KCl, 137 mM 

NaCl, 0.05% Surfactant P20, pH 7.4) running buffer (GE Healthcare, Cat. No. 28-9950-84). All 

SPR buffers were filtered immediately before use. Protein samples of 20 mg/mL in 25 mM 

HEPES pH 7.5, 500 mM NaCl were diluted to 2 mg/mL with a final buffer concentration of 10 

mM HEPES pH 7.5, 50 mM NaCl. For the best immobilization of the SBPs, lowering the salt 

concentration increases the amount of protein immobilized. The recommended amine-coupling 

protocol dilutes the sample in 10 mM sodium acetate with a pH about 1.5 lower than the 

theoretical pI of the protein. I tested 10 mM sodium acetate pH 4.5 for immobilization of SBPs, 

but the proteins did not completely recover after immobilization and heme binding was reduced.  

For flow channel 1, the reference channel, the dextran surface was activated by equal parts 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-
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hydroxysuccinimide (NHS) and blocked by ethanolamine pH 8.5 (GE Healthcare, amine-

coupling kit Cat. No. BR100050). SBPs were immobilized in flow channels 2, 3, and 4; low 

levels of protein were immobilized to minimize non-specific binding and mass transfer. SBPs 

were injected after sensor-surface activation by EDC/NHS mixture for a contact time of 15-20 

min at a flow rate of 7 μL/min to immobilize 1000-2000 RU of protein; the surface was then 

blocked with ethanolamine. The surface of the chip was equilibrated in running buffer (25 mM 

HEPES pH 7.5, 150 mM NaCl, 0.1% Tween 20, 2% DMSO) at a flow rate of 100 μL/min for at 

least 3 h. Ensuring the chip (i.e. the proteins) has adequate time to equilibrate after 

immobilization is essential for successful data collection. 

The data were obtained using single-cycle kinetic experiments in triplicate. For each 

replicate, five analyte (heme) injections were prepared by 2-fold serial dilution. The analyte 

samples were consecutively injected by increasing heme concentrations over all four channels to 

determine the binding constants of the SBPs. The association time of each analyte injection was 

1 min, followed by a final 5 min dissociation step. SBP kinetic experiments were run at a flow 

rate of 40 μL/min at 25°C. The sensor surface was regenerated after each experiment with two 

30 s injections of running buffer, supplemented with 0.1% SDS, at a flow rate of 50 μL/min. All 

experiments were performed with the Biacore T200 instrument (GE Healthcare) according to the 

manufacturer’s instructions.  

Models used for fitting of the experimental data are part of the Biacore evaluation 

software. The reference channel was subtracted from all experimental data. The data were 

initially fit by applying a single-state 1:1 binding model. As expected, the statistics and fit 

quality of these preliminary fits were poor. Kinetic rate constants and equilibrium dissociation 

constants were determined by fitting the data globally to the 1:1 two-state reaction model using 
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the Biacore T200 evaluation software v3.0 (GE Healthcare). In this model, ka1 and kd1 are the 

forward and reverse rate constants for complex formation, and ka2 and kd2 are the forward and 

reverse rate constants for the two-state binding. A more detailed description of the parameters 

and equations is provided in the Biacore T200 Software Handbook (28-9768-78, Ed. AA, pg. 

160-202). 

 

2.3. Results  

2.3.1. Conserved 3D Structure of Cluster C SBPs  

The overall structure of SBPs is comprised of two globular α/β domains, each with a few 

α–helices surrounding a core β–sheet. Most SBPs bind their selected substrate at the interface of 

domains I and II. Structural homology was used to identify SBPs in the Cluster C family (3). A 

unique structural feature of Cluster C SBPs is a third globular domain, domain IB, inserted into 

domain IA (Figure 2.3A). This increases the size of the substrate-binding pocket and helps this 

class of proteins bind a diverse range of substrates. SBPs are grouped by topology subclasses that 

describe the threading of the secondary structure between the α/β domains. The β–sheet topology 

of Class I is β2β1β3β4β5, in comparison the topology of Class II is β2β1β3βnβ5, where the βn strand 

is substituted by a strand from the opposite domain (167). This crossover between domain I and 

II, known as domain dislocation, characterizes Cluster C proteins as Class II SBPs. Figure 2.3 

compares the ligand-bound structures of ecDppA (PDB code 1DPP), Glaesserella parasuis 

(formerly known as Haemophilus parasuis) HbpA (PDB code 3M8U), ecMppA (PDB code 

3O9P), ecNikA (PDB code 3DP8), and S. typhimurium OppA (PDB code 2OLB). Comparing 

Cluster C complexes highlights the high degree of overall structural similarity of these SBPs. 

ABC transporters play a vital role in heme uptake in bacteria. To uncover how heme is
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Figure 2.3. Overall 3D structure of Cluster C SBPs. (A) Cartoon of Cluster C SBP labeled by 

individual domains IA, IB and II. Substrate-bound Cluster C proteins have a well-conserved 

closed conformation, (B) ecDppA bound to glycyl-lysine (PDB code 1DPP), (C) gpHbpA bound 

to oxidized glutathione (PDB code 3M8U), (D) ecMppA bound to murein tripeptide (PDB code 

3O9P), (E) ecNikA bound to butane-1,2,4-tricarboxylate-chelated nickel (PDB code 3DP8), and 

(F) seOppA bound to tri-lysine (PDB code 2OLB).   
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shuttled to the inner membrane of this “heme-loving” pathogen, I looked at the conservation of 

heme ABC transport systems in NTHi. Since Cluster A heme SBPs are not found in the NTHi 

genome, NTHi Cluster C proteins provide the vital link in the uptake pathway between the outer 

membrane receptors scavenging heme from the host and the ABC importers delivering the 

nutrient to the cytoplasm. A BLAST search of the NTHi genome was used to identify all Cluster 

C proteins and a protein sequence alignment was performed to illustrate the similarities of these 

SBPs (Figure 2.4). Despite the low sequence identity between the NTHi Cluster C SBPs (Table 

2.2), these proteins have high sequence similarity and are predicted to have a similar overall 

structural topology. The structural conservation of Cluster C SBPs and the functional similarity 

between some of these proteins in the heme network led us to investigate the heme specificity of 

each of the NTHi SBPs proteins, as well as six E. coli Cluster C SBPs. 

 

2.3.2. Native PAGE Analysis of Heme-bound State Identifies Heme Specificity of Cluster C 

Family 

A survey of the heme specificity of well-characterized E. coli and NTHi Cluster C SBPs 

showed that heme-binding is a shared characteristic of all ten proteins tested. SBPs ecDdpA 

(dipeptide), ecDppA, ecMppA, ecNikA ecOppA, ecSapA, nthiHbpA, nthiOppA, nthiSapA, and 

NTHI0310 were expressed without their predicted signal sequence (Table 2.1) and purified 

under chemically denaturing and refolding conditions to remove any bound ligand. These 

proteins are similar in size ranging from 56-63 kDa, and in general, the ligand-free SBPs migrate 

in the native gel based on their estimated pI values (Figure 2.5, A and B). Ligand-free ecDdpA 

and ecMppA migrate the least of all the SBPs, whereas ligand-free ecNikA migrates the furthest 

into the gel. Surprisingly, using Native PAGE assays all 10 SBPs demonstrated heme binding 
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Figure 2.4. Protein sequence alignment shows high similarity of NTHi SBPs. Alignment of 

nthiHbpA, nthiOppA, nthiSapA, and NTHI0310 by Jalview. Asterisks mark conserved residues. 
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Secondary structure of nthiOppA is shown below the alignment with α–helices and β–strands 

represented by red cylinders and green arrows, respectively.  
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Table 2.2. Protein sequence identity and similarity of NTHi SBPs. 

 Identity (%)  Similarity (%) 

 nthiHbpA nthiSapA NTHI0310  nthiHbpA nthiSapA NTHI0310 

nthiOppA 24.9 22.2 26.8  52.4 50.9 60.4 

nthiHbpA - 32.1 21.6  - 62.9 52.0 

nthiSapA - - 20.8   - - 52.2 
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Figure 2.5. Heme specificity of all NTHi and E. coli Cluster C SBPs. (A) SDS-PAGE of 

Cluster C SBPs. (B) Native PAGE assay show ligand-free Cluster C SBPs migrate at different 

rates. (C) Cluster C proteins bind heme in native PAGE assay and SBPs shift from unbound state 

to heme-bound state based on heme concentration.  
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 (Figure 2.5C). All SBPs are fully bound by heme at a 1:50 protein to heme ratio. Heme binding 

enhances the ability of the ligand-bound SBPs to migrate further into the gel. The degree of 

migration varies for each SBP and is not dependent on the initial migration of the ligand-free 

protein. For example, ecNikA has a small shift after binding heme, in comparison to more 

dramatic shifts of ecDdpA and ecMppA bound to heme. In contrast, NTHI0310 has a dramatic 

shift upon heme binding as well as being one of the ligand-free SBPs that migrates the furthest in 

the gel. The variable migration distance between heme-bound SBPs may be dependent on any 

number of factors, including the changes in surface charge and compactness of tertiary structure 

between the ligand-free and ligand-bound conformations. 

It is difficult to obtain heme-binding constants using native PAGE assays. Additionally, 

heme is insoluble in aqueous solutions and is only dissolved in strong base or solvent. This 

makes measuring the heme-binding affinities of the SBPs difficult using common biophysical 

techniques that are sensitive to buffer composition. One advantage of SPR is a high sensitivity 

for small-molecules in dilute solvent and allowed us to overcome these challenges of heme-

binding experiments.  

 

2.3.3. Heme Affinity of Cluster C SBPs in NTHi 

Previous studies have reported a wide range of heme equilibrium dissociation constants of 

the Cluster C SBPs. The heme affinity of ecNikA has previously been measured by tryptophan 

fluorescence quenching, KD value of 530 nM (162). Two other E. coli SBPs, DppA and MppA, 

bind heme with estimated binding constants of 10 and 50 µM, respectively; a mutant strain 

lacking both of these SBPs was not able to use heme as an iron source during growth (164). 

Despite its namesake, hiHbpA was reported to have weak heme affinity with a KD value of 655 
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µM (154). The equilibrium dissociation constants of ecDppA, ecMppA and hiHbpA were 

calculated using native PAGE gel shift assays. One major disadvantage of these assays is that the 

samples were not at equilibrium during electrophoresis (168). Heme-binding affinities of 

homologs for the other NTHi Cluster C SBPs have not previously been published. The 

limitations of the calculated heme affinity for some of the Cluster C SBPs led us to investigate 

the heme specificity and affinity of each of the NTHi SBPs. 

To determine the shared heme-binding functionality of the NTHi Cluster C SBPs, I 

examined the heme specificity and binding affinity of the proteins. The heme-protein binding 

kinetics of nthiHbpA, nthiOppA, nthiSapA, NTHI0310 and ecNikA were measured by SPR. The 

single-cycle kinetics method was used to measure heme binding of the immobilized SBPs, which 

includes five serial injections with increasing concentrations of heme followed by an extended 

dissociation step. All four of the NTHi SBPs bind heme with variable affinity (Figure 2.6). The 

heme affinity calculated by spectroscopic analysis of ecNikA provided a reference for the heme 

affinity measured by SPR. The SPR calculated heme affinity of ecNikA, KD value of 526 nM, 

closely matches the previously reported KD value of 530 nM (162). Heme binds to nthiOppA 

with the highest affinity, KD value of 244 nM. The heme affinities of nthiHbpA and NTHI0310 

are similar, with KD values of 382 nM and 420 nM, respectively. NthiSapA showed a slightly 

lower heme binding with a KD value of 1.1 µM. A fluorescence titration assay was used to 

measure the ZnPP (heme analog) equilibrium constant of nthiSapA, KD value of 0.93 µM (Figure 

2.7). The SPR sensograms for each SBP were fit to a two-state reaction model and indicate a 1:1 

binding ratio of heme to SBP. The kinetic rate constants and equilibrium dissociation constant 

for each of the SBPs are summarized in Table 2.3. The differences in the heme affinities between 

the SBPs are largely explained by variability in the initial association rates. The larger initial 
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Figure 2.6. NTHi Cluster C SBPs bind heme with a range of affinity. Single-cycle kinetic 

analysis of heme binding was performed using five analyte injections over immobilized NTHi 

SBPs. For the association phase, increasing concentrations of heme were injected in series 

followed by a final dissociation phase. Representative data in each sensogram is depicted by a 

red line and fit by a 1:1 two-state reaction model to determine kinetic constants and equilibrium 

dissociation constants, which is displayed by a dashed black line. 
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Figure 2.7. Heme analog, ZnPP, binds nthiSapA with a similar affinity as heme. (A) Native 

PAGE gel shows ZnPP-bound nthiSapA migrates at the same molar ratio as heme. (B) A 

fluorescence titration assay was used to determining the ZnPP binding affinity of nthiSapA. Data 

from a representative replicated is shown in black squares and fit using a single-site binding 

model represented by a black line. 
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Table 2.3. Kinetic and equilibrium constants of NTHi Cluster C SBPs. 

 
ka1 M

-1s-1 kd1 s
-1 ka2 s

-1 kd2 s
-1 KD nM 

nthiOppA 5.88 (0.21) x 104 3.98 (0.06) x 10-2 5.57 (0.08) x 10-3 3.14 (0.05) x 10-3 244 (11) 

nthiHbpA 3.46 (0.15) x 104 3.44 (0.31) x 10-2 4.65 (0.11) x 10-3 2.19 (0.07) x 10-3 382 (20) 

nthiSapA 1.77 (0.03) x 104 4.82 (0.14) x 10-2 5.07 (0.19) x 10-3 3.41 (0.07) x 10-3 1100 (24) 

NTHI0310 4.21 (0.08) x 104 4.23 (0.16) x 10-2 5.42 (0.10) x 10-3 3.90 (0.06) x 10-3 420 (18) 

ecNikA 5.38 (0.46) x 104 7.66 (0.36) x 10-2 4.34 (0.28) x 10-2 2.52 (0.20) x 10-3 526 (76) 

* Standard deviation of triplicates shown in parentheses 
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association rate indicates an increase in the heme-bound nthiOppA complex formation 

frequency. Despite their variation in their individual canonical substrates, the NTHi SBPs share 

specificity for heme. 

 

2.4. Discussion  

Despite Cluster C SBPs canonical substrates ranging in diversity and size from a nickel ion 

to AMPs, their unifying characteristic has previously been their overall structure conserved from 

a common ancestor (169). This work has identified multisubstrate heme specificity is a shared 

characteristic of all ten Cluster C SBPs tested. A survey of Cluster C gene clusters in 

Haemophilus strains show a range in the number of these proteins, from just two SBPs to as 

many as seven SBPs (Figure 2.8). The Dpp (including HbpA) and Sap transport systems were 

found in all species except H. haemoglobinophilus and H. pittmaniae, respectively. Some of the 

Haemophilus strains also have a dppA in their dpp gene clusters. Interestingly, there is also a 

second oligopeptide transport system, Opp2, in half of the Haemophilus strains. Orphan putative 

peptide SBPs are found in almost all of the Haemophilus strains. These functionally overlapping 

Cluster C SBPs and their cognate PepT importers are conserved in Haemophilus.  

To better characterize heme trafficking in the periplasm, I calculated the binding affinities 

of the NTHi SBPs and found a range from 244 nM for nthiOppA to 1.1 µM for nthiSapA. 

Considered a low-affinity heme-binding protein, nthiSapA plays a crucial role in the heme 

uptake pathway for NTHi survival after heme starvation (110). Data from the heme binding 

studies coupled with previously published data demonstrates that the heme affinity of the 

individual SBP is not a determinant of the role these proteins play in the heme uptake pathway. 

Even in bacteria that employ high-affinity heme SBPs, such as HmuT, PhuT and ShuT, there are 
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Figure 2.8. Conserved Cluster C SBPs in Haemophilus. The Cluster C SBPs in heme uptake 

pathway of Haemophilus. The Dpp transporter has been identified in all species except H. 

haemoglobinophilus. The Opp, Sap and Opp2 transporters are present in all species with the 

corresponding SBP. Orphan putative peptide Cluster C SBPs are shown in yellow and labeled by 

gene number. 
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functional overlapping heme transport systems. Deletion of the hmu locus in Y. pestis did not 

eliminate the ability of the mutant strain to utilize heme or colonize mice in the systemic 

infection model, indicating another heme transport system is sufficient for virulence in the mouse 

model (170). In addition, functionally similar heme trafficking proteins in the cytoplasm, such as 

P. aeruginosa PhuS, have comparable heme affinity to Cluster C SBPs. In P. aeruginosa, 

cytoplasmic heme trafficking protein PhuS delivers its substrate to heme oxygenase HemO and 

helps prevent heme-related oxidative stress with a KD value of 410 nM (171). Taken together, 

these heme-binding proteins demonstrate heme affinity does not dictate functionality or limit the 

essential role of these proteins in the heme uptake pathway for bacterial survival and 

pathogenesis. Even as the lowest affinity SBP, nthiSapA plays a role in NTHi survival.  

In the dynamic and perilous host environment it is advantageous for NTHi to manage 

multiple heme SBPs to ensure the pathogen maintains access to the essential nutrient (Figure 

2.9). This functional overlap between the Cluster C SBPs, particularly the unknown heme-

binding capability of nthiOppA and NTHI0310 demonstrated here, has previously made it a 

challenge to fully characterize the heme uptake pathway. The identification of heme specificity 

for all four Cluster C SBPs is the first step to understanding the unique and essential role each 

SBP plays in the transport of the essential nutrient heme. The multisubstrate binding of these 

Cluster C SBPs and the recognition of the canonical and heme substrates for these proteins is 

explored further in Chapter 3. Better understanding of the interplay between these 

multifunctional Cluster C SBPs will help us uncover how pathogens adapt and overcome host-

mediated defenses.  
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Figure 2.9. Multiple heme Cluster C SBPs in NTHi. All of the NTHi Cluster C SBPs have 

heme specificity with a range affinity from about 200 nM to 1 μM, nthiOppA < nthiHbpA < 

NTHI0310 < nthiSapA. The overlapping function of these SBPs helps the bacteria maintain 

access to heme in the host environment. Heme shown in green. 
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CHAPTER 3: 3 

Oligopeptide-Binding Protein (OppA) from NTHi has Ligand-Specific Sites to 

Accommodate Peptides and Heme in the Binding Pocket* 

 

 

 

 

 

 

 

 

 

 

 

*This content in part was originally published in Journal Biological Chemistry. Tanaka, K. J. and 

Pinkett, H. W. (2019) Oligopeptide-binding protein from nontypeable Haemophilus influenzae 

has ligand-specific sites to accommodate peptides and heme in the binding pocket. J. Biol. Chem. 

doi: 10.1074/jbc.RA118.004479 
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3.1. Introduction  

3.1.1. Oligopeptide ABC Importer in Nutrient Uptake 

The oligopeptide (Opp) transport system is the ABC transporter responsible for the uptake 

of a range of peptides, supplying pathogens with essential nutrients as a source of carbon, 

nitrogen and amino acids. The role of the Opp transport system in heme uptake has not 

previously been tested. However, as demonstrated in Chapter 2, nthiOppA binds the essential 

nutrient heme. Nutrient acquisition through the Opp system influences many cellular processes, 

including internalization of quorum sensing peptides, biofilm production, modifying the cell 

surface, and antibiotic resistance (105,119,172,173). 

 

3.1.2. OppA Homologs in Gram-Negative and Gram-Positive Bacteria  

In Gram-negative bacteria, the SBP OppA has been shown to select for peptides between 

3-5 amino acids with high affinity for tri- and tetrapeptides (174). Crystal structures of peptide 

bound OppA from S. typhimurium, Y. pestis, E. coli, and Burkholderia pseudomallei show 

peptide specificity is independent of amino acid sequence of the peptides as protein-peptide 

interactions occur mainly through the peptide backbone (175-178). Gram-positive Lactococcus 

lactis OppA binds peptides 4-35 amino acids long with a preference for nonapeptides (102). 

Large binding cavities of oligopeptide homologs llOppA, B. subtilis AppA, and Enterococcus 

faecalis PrgZ allow these proteins to fully enclose hepta- and nonapeptides in their substrate-

binding pockets (103,179,180). OppA mediated peptide transport is a necessary component of 

nutrient uptake and signaling pathways for survival and virulence of pathogens (104,106). 

This work examines the peptide and heme substrate specificity of nthiOppA. I solved the 

structure of nthiOppA bound to a range of hydrophobic peptides and uncovered the peptide 
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specificity of Gram-negative OppA extends beyond pentapeptides. In silico analysis of heme 

docking coupled, with substrate competition assays and individual domain analysis, allows us to 

propose how multisubstrate specificity may occur in nthiOppA. This work highlights the 

multifunctional roles of nthiOppA with the interplay between the peptide and heme transport 

networks. 

 

3.2. Experimental Procedures  

3.2.1. Materials 

All peptides were solubilized according to manufacture recommendations. Peptides P1KKK, 

P3LGG, and P6Brady (bradykinin, RPPGFSPFR) were purchased from Sigma-Aldrich. Custom 

peptides P2MGG, P4GIINTL, and P5Long (YLGANGRGGGS) were synthesized by GenScript.  

 

3.2.2. NthiOppA Crystallization  

Crystallization of the co-purified peptide nthiOppA complex (25 mM HEPES pH 7.5, 500 

mM NaCl) was achieved by the vapor diffusion in sitting drops at 22°C. NthiOppA crystals were 

obtained with a 1:1 ratio of 10 mg/mL protein and reservoir solution containing 0.1 M sodium 

acetate at pH 4.6 and 2.4 M ammonium sulfate. Crystals usually appeared within 24 h. Co-

crystallization of nthiOppA with peptides was achieved using a 1:10 refolded OppA to peptide 

mixture yielding final concentrations of 1 mM peptide and 6 mg/mL protein in binding buffer 

(25 mM HEPES pH 7.5, 150 mM NaCl). The mixture was incubated on ice for 30 min. Co-

crystals grew in the same reservoir solution and conditions. All crystals were briefly soaked in 

cryoprotectant consisting of reservoir solution supplemented with 15% v/v glycerol, harvested 

with a nylon loop and flash-cooled in liquid nitrogen.  
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3.2.3. Structure Determination of NthiOppA 

Diffraction data were collected at the Advanced Photon Source (Argonne, IL) LS-CAT 

beamline 21-ID-D with an Eiger X 9M detector (DECTRIS AG). The diffraction data were 

integrated using XDS (181) and scaled with AIMLESS, from the CCP4 suite (182). The initial 

model for nthiOppA was determined using the molecular replacement pipeline Balbes (183), and 

model building was further improved with ARP/warp (184) from the online CCP4 platform. The 

output model was manually rebuilt over several cycles with Coot (185). Each peptide was built 

in the observed electron density, and the models were refined with REFMAC (186). Validation 

statistics of the final models were calculated with Molprobity (187). Details of data quality and 

structure refinement are summarized in Table 3.1 and Table 3.2. Coordinate files have been 

deposited in the Protein Data Bank under the accession codes 6DQQ, 6DQR, 6DQT, 6DQU, 

6DTF, 6DTG, and 6DTH. Structural figures, analysis of nthiOppA substrate-bound states and 

sequence-independent structural alignments with root-mean-square deviation (RMSD) 

calculations were performed in PyMOL v2.0 (Schrödinger, LLC). Protein-peptide hydrogen 

bond lengths calculated in LigPlot+ v1.4 (188). 

 

3.2.4. Thermal Shift Assay  

Peptide binding candidates were identified using a thermal shift assay of nthiOppA. 

Reactions of 2 μg refolded nthiOppA, 5x SYPRO Orange (Thermo Fisher Scientific, Cat. No. 

S6650), and 1 mM peptide in binding buffer (25 mM HEPES pH 7.5, 150 mM NaCl) for a final 

volume of 10 μL were placed in a clear 384-well PCR plate (Greiner, Cat. No. 785201) with 

optical sealing tape (Bio-Rad, Cat. No. 223-9444). The plate was spun at 1500 rpm for 30 s to 

remove bubbles in the wells. Samples were incubated at room temperature for 1 h. The plate was 



81 

  

Table 3.1. Data collection and refinement statistics: Co-purified, P2MGG, P3LGG and 

P4GIINTL.  

  OppA Structures 

Statistics 
co-purified 

+nthiOppA 

P2MGG 

+nthiOppA 

P3LGG 

+nthiOppA 

P4GIINTL 

+nthiOppA 

 Space group P21 21 21 P21 21 21 P21 21 21 P21 21 21 

Data Collection 

 Unit cell Dimensions, Å 

 Aa  49.99 47.57 49.52 47.90 

 Bb  90.90 92.19 90.95 92.96 

 Cc  108.78 108.37 108.86 108.34 

 Unit Cell Angles, ° 

 Aα  90.0 90.0 90.0 90.0 

 Bβ  90.0 90.0 90.0 90.0 

 Cγ  90.0 90.0 90.0 90.0 

 Resolution, Å 46.67-1.85 35.75-2.08 36.63-1.95 35.88-1.65 

  (1.89-1.85) (2.14-2.08) (2.00-1.95) (1.68-1.65) 

 Wavelength, Å 1.0782 1.0781 1.0781 1.0781 

 Completeness, % 99.4 (99.5) 99.1 (99.9) 99.6 (99.8) 99.9 (99.9) 

 Rmerge 0.077 (0.538) 0.080 (0.670) 0.091 (0.665) 0.059 (0.589) 

 Average I/σI 18.6 (4.2) 15.6 (3.1) 15.3 (3.7) 16.9 (3.0) 

 Redundancy 13.3 11.1 10.9 9.0 

 Total reflections 572217 323020 397113 527954 

 Unique reflections 42868 29098 36506 58988 

Refinement 

 Rwork/Rfree 0.1598/0.2069 0.1770/0.2344 0.1664/0.2048 0.1598/0.2069 

Number of atoms 

 All atoms 4586 4333 4349 4521 

 Protein 4169 4115 4157 4115 

 Water 375 184 153 357 

Average B-factor, Å2 

 All atoms 33.3 49.3 37.1 32.1 

 Protein 32.6 49.1 36.9 31.4 

 Water 40.0 50.7 38.9 39.2 

RMSD 

 Bond lengths, Å 0.017 0.013 0.010 0.017 

 Bond angles, ° 1.695 1.483 1.410 1.695 

Ramachandran statistics 

 Favored, % 98.1 97.1 97.7 97.5 

 Allowed, % 1.7 2.7 2.3 2.3 

  Outliers, % 0.2 0.2 0.0 0.2 

*Data for the highest-resolution shell are given in parentheses. All structures were 

determined using single crystals. 
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Table 3.2. Data collection and refinement statistics: P1KKK, P5Long and 

P6Brady.  

  OppA Structures 

Statistics 
P1KKK 

+nthiOppA 

P5Long 

+nthiOppA 

P6Brady 

+nthiOppA 

 Space group P21 21 21 P21 21 21 P21 21 21 

Data Collection 

 Unit cell Dimensions, Å 

 Aa  47.80 50.09 47.87 

 Bb  92.33 90.92 92.89 

 Cc  108.36 108.73 108.12 

 Unit Cell Angles, ° 

 Aα  90.0 90.0 90.0 

 Bβ  90.0 90.0 90.0 

 Cγ  90.0 90.0 90.0 

 Resolution, Å 46.73-1.75 46.66-1.90 46.44-1.96 

  (1.78-1.75) (1.94-1.90) (2.01-1.96) 

 Wavelength, Å 1.0782 1.0782 1.0782 

 Completeness, % 97.9 (93.8) 99.8 (100.0) 99.9 (100.0) 

 Rmerge 0.055 (0.525) 0.080 (0.880) 0.084 (0.717) 

 Average I/σI 16.5 (2.7) 15.6 (2.6) 11.6 (2.4) 

 Redundancy 9.1 8.8 8.8 

 Total reflections 436486 352161 310840 

 Unique reflections 48105 39899 35422 

Refinement 

 Rwork/Rfree 0.1753/0.2212 0.1696/0.2089 0.1908/0.2540 

Number of atoms 

 All atoms 4392 4415 4308 

 Protein 4105 4162 4098 

 Water 249 212 165 

Average B-factor, Å2 

 All atoms 33.3 34.6 37.1 

 Protein 41.2 34.2 36.9 

 Water 41.6 37.4 47.7 

RMSD 

 Bond lengths, Å 0.010 0.010 0.008 

 Bond angles, ° 1.317 1.403 1.262 

Ramachandran statistics 

 Favored, % 97.7 97.9 96.1 

 Allowed, % 2.1 1.9 2.7 

  Outliers, % 0.2 0.2 0.2 

*Data for the highest-resolution shell are given in parentheses. All 

structures were determined using single crystals. 
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heated from 25 to 95°C with a heating rate of 0.5°C min-1. The fluorescence intensity was 

measured with an excitation wavelength of 470 nm and emission wavelength of 580 nm. The 

thermal shift assay was performed using a BioRad CFX384 Real-Time Detection System (Bio-

Rad). Analyze data using Excel worksheet ‘DSF Analysis.xls’ and GraphPad template ‘DSF 

GraphPad Boltzmann.pzf’ (ftp://ftp.sgc.ox.ac.uk/pub/biophysics) (189). 

 

3.2.5. In Silico Heme Docking Studies  

Ligand docking of heme was conducted with ROSIE (Rosetta Online Server that Includes 

Everyone) Ligand Docking Protocol (190). Along with the structure of nthiOppA, other previous 

solved structures for G. parasuis HbpA (PDB code 3M8U) and E. coli NikA (PDB code 3DP8) 

were used for docking studies. The gpHbpA structure has 74% sequence identity to nthiHbpA. 

The solvent-free structure of each SBP was used as the template and heme with a 2+ formal 

charge was used as the ligand. The substrate-binding pocket was probed with a 7 Å search radius 

starting at x = 38.0, y = 43.5, and z = 10.5, the search radius was centered at the interior of the 

protein. For each protein, 200 structures were generated and ranked based on calculated lowest 

interface energy. Of the 20 top-ranked ligand poses for nthiOppA, heme was docked in the same 

position in the substrate-binding pocket in 18 of the solutions. For hiHbpA and ecNikA there 

were 11 and 19 solutions with the same location, respectively. For the remaining solutions in the 

top 20, the heme molecule is overlapped with the most common ligand pose, but the porphyrin 

ring is slightly rotated. Top-scoring docking models were displayed using PyMOL.  

 

3.2.6. SPR Competition Assay 

After nthiOppA immobilization (3300 RU), the chip was equilibrated in running buffer as 

ftp://ftp.sgc.ox.ac.uk/pub/biophysics
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described above. For the competition assay, analytes were injected for 1 min at a flow rate of 40 

μL/min at 25°C. A 500 nM heme injection was used to calculate the heme response. Individual 

injections of P1KKK, P2MGG, and P5Long were measured at 250 nM, 1.5 mM and 250 nM, 

respectively. Maintaining the concentration of each analyte, combined mixtures of heme and 

peptide were injected. The sensor surface was regenerated after each experiment with two 30 s 

injections of running buffer, supplemented with 0.1% SDS, at a flow rate of 50 μL/min. The 

response for each analyte was observed in triplicate. All experiments were performed with the 

Biacore T200 instrument (GE Healthcare) according to the manufacturer’s instructions.  

 

3.2.7. NthiOppA Domain Truncations NthiOppA1A1B and NthiOppA2  

Domain construct nthiOppA1A1B was created by site-directed mutagenesis of nthiOppA, 

domain II was deleted and replaced with two glycine residues to fuse the C-terminal end of 

domain IA to domain IB (21-290 GG 510-541). NthiOppA2 (291-509) was cloned into the pET-

21b vector using the NdeI and XhoI restriction sites to add a C-terminal His6-tag to the domain. 

The following primers were used: nthiOppA1A1B forward primer TTGCTAGGCGAAGTATAC 

GTTACTCGTACCGGCGGCTATGTGAATCCACGCTTAGT, nthiOppA1A1B reverse primer 

GTAAGGTTTCACTAAGCGTGGATTCACATAGCCGCCGGTACGAGTAACGTATACTT, 

nthiOppA2 forward primer CACATATGCTAGGAACTTATTCTTATGA, and nthiOppA2 

reverse primer CACTCGAGGTTAAAGATTGGTACGATAC.  All plasmids were verified by 

sequencing (ACGT Inc.). The nthiOppA expression and purification conditions were used for 

nthiOppA1A1B and nthiOppA2. 
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3.2.8. Circular Dichroism (CD) Spectroscopy 

The nthiOppA domain samples were diluted to 16 μM in 5 mM Tris pH 7.5, 15 mM NaCl. 

CD far-UV spectra were collected using a 0.1 cm quartz cuvette from 260-190 nm in the step 

scan mode, with 2 nm bandwidth, 4 s response time, and 1.0 nm step speed. Each spectrum is the 

accumulation of three scans. CD analysis was performed using a J-815 CD spectrometer 

(JASCO). The spectra show strong helical and β–sheet secondary structure characteristics 

indicating nthiOppA1A1B and nthiOppA2 are well-folded domains (Figure 3.9A and 3.9B). 

 

3.2.9. Intrinsic Tryptophan Fluorescence Quenching 

Solutions of 100 nM nthiOppA, nthiOppA1A1B, and nthiOppA2 were prepared in reaction 

buffer (25 mM HEPES pH 7.5, 150 mM NaCl) for steady-state fluorescence experiments. 

P4GIINTL was titrated into the protein solution in steps of 0.2 or 10 uM.  After each titration step, 

samples were stirred for at least 5 min, and then left to rest for at least 5 min at RT. Samples 

were excited at 295 nm and the fluorescence maximum was observed at 329 nm. UV-grade 

polyacrylic cuvettes with 1 cm path length and excitation and emission slits of 1 mm were used 

for data collection. All fluorescence intensity experiments were performed using a PC1 photon-

counting steady-state fluorometer (ISS). The percent quenching of tryptophan fluorescence at 

329 nm versus the P4GIINTL concentration was fit to a single-site binding model using GraphPad 

Prism 6.0. 

 

3.3. Results  

3.3.1. Crystal Structure of Co-purified Peptide NthiOppA Complex  

NthiOppA was expressed without the periplasmic signal sequence in E. coli and natively 
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purified the protein using a C-terminal His6-tag. Crystallized nthiOppA was co-purified with 

bound endogenous peptide, indicated by the additional electron density in the substrate-binding 

pocket. SBPs are frequently co-purified with their substrates, and OppA homologs have 

demonstrated a broad specificity for peptides (191,192). The structure was solved by molecular 

replacement to a resolution of 1.85 Å with space group P21 21 21 and one monomer in the 

asymmetric unit. In general, SBPs have two structurally conserved globular domains consisting 

of a β–sheet that is flanked by α-helices (α/β–domains), and the five-strand sheet at the core of 

each domain is connected by two strands to the opposite α/β–domain. The substrate-binding 

pocket is formed at the interface of these domains. Specific to the Cluster C SBP family, domain 

I of nthiOppA is divided into two sub-domains; domain IA is stitched together from residues 26-

41, 210-290 and 510-541 and domain IB includes residues 42-209. Domain II spans residues 291-

509 (Figure 3.1A). The addition of domain IB makes Cluster C proteins larger than other SBPs in 

other clusters, and this allows for an expanded binding cavity to accommodate the larger 

substrates associated with this family of SBPs (3). 

When compared to open unbound ecOppA (RMSD = 4.42 Å), structural alignment of 

nthiOppA indicates a conformational change to the closed peptide-bound state (Figure 3.1B). In 

the ligand-bound nthiOppA complex, domains I and II rotate toward the center of the protein to 

bury the peptide in the substrate-binding pocket. Interestingly, even though domains IA and IB are 

structurally independent, they rotate as a rigid domain in respect to domain II. The angle of 

rotation between the two domains is approximately 35° from the open to the closed 

conformations. The co-purified peptide binds near the hinge region at the interface between the 

domains, and domain II provides a binding cleft with the majority of protein-peptide interactions 

for the bound peptide in the substrate-binding pocket.  
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Figure 3.1. Crystal structure of nthiOppA in closed ligand-bound conformation. (A) The 

crystal structure of nthiOppA, colored by domain (IA, salmon; IB, wheat; II, cyan), bound to co-

purified peptide, in green. Inset:  surface and stick representation of the co-purified peptide in 
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substrate-binding pocket. (B) Cartoon representation of the ligand-bound structure of nthiOppA 

aligned with the open unbound ecOppA structure in gray (PDB code 3TCH), and surface 

representation cross-sections of ecOppA and nthiOppA. Based on the alignment with nthiOppA, 

the green spheres in the open unbound ecOppA structure highlight the binding site where peptide 

interacts with the SBP to form the closed conformation.  

 

  



89 

3.3.2. Characterization of NthiOppA Peptide Interactions  

The peptide specificity of nthiOppA was tested using a range of peptides with varying 

physical properties. Peptides identified as Gram-negative or Gram-positive OppA substrates as 

well as peptides with an increase in hydrophobicity and length were used in a thermal shift assay. 

Peptides that increased the stability of nthiOppA (melting temperature, Tm) were identified as 

binding candidates (Figure 3.2). The following six binding candidates raised the Tm between 2.5 

and 6°C, P1 (KKK), P2 (MGG), P3 (LGG), P4 (GIINTL), P5Long (YLGANGRGGGS), and 

P6Brady (bradykinin, RPPGFSPFR). P1KKK was one of the initial peptides discovered to bind 

OppA, and peptides P1KKK and P6Brady were first crystallized bound to seOppA and llOppA, 

respectively (103,175,193). Additionally, ecOppA has also been shown to have a preference for 

positively charged peptides with approximately half of co-purified peptides having at least one 

arginine, histidine or lysine (177). The identified binding candidates indicate peptide specificity 

of nthiOppA is not limited to 3-5 amino acids peptides. NthiOppA can bind positive and 

hydrophobic peptides as well as longer peptides similar to Gram-positive OppA homologs. 

The novel binding candidate peptides were co-crystallized with nthiOppA. Chemically 

denatured and refolded nthiOppA co-crystallized with P2MGG, P3LGG, and P4GIINTL in the same 

condition as natively purified nthiOppA with similar crystal morphology and diffraction quality. 

However, P5Long co-crystallization produced poorly formed and cracked crystals that reduced 

diffraction to 9 Å. For the endogenous peptide bound to the natively purified nthiOppA, a four-

residue peptide backbone was built and refined in the electron density. The observed electron 

density of the second residue of the co-purified peptide is large enough to fit a bulky side chain. 

However, the density for the side chains cannot be easily interpreted to confidently identify 

residue assignments, which is likely caused by a heterogeneous mixture of co-purified peptides 
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bound to nthiOppA (Figure 3.2H). Hydrophobic peptides P2MGG, P3LGG, and P4GIINTL have well-

resolved electron density representing the bound peptides (Figure 3.2, C-E). The overall structure 

of nthiOppA does not change dramatically between the different bound peptides with RMSD 

values from 0.07 to 0.33 Å compared to the co-purified peptide complex. While maintaining the 

protein-peptide interactions, the flexible binding cavity can accommodate longer peptides. 

Bound peptide was successfully removed by chemically denaturing and refolding 

nthiOppA. Refolded nthiOppA co-crystallized with P2MGG, P3LGG, and P4GIINTL in the same 

optimized crystallization condition as natively purified nthiOppA. Additional co-crystallization 

of refolded nthiOppA with P1KKK was not successful and P6Brady produced spherulites. Without 

added peptide, refolded nthiOppA did not crystallize in the optimized crystallization condition. 

P1KKK, P5Long, and P6Brady were co-crystallized with natively purified nthiOppA in the optimized 

crystallization condition and fragmented electron density of the side chains indicates partial 

exchange of bound peptides (Figure 3.2, B, F, and G). The electron density for P1KKK, P5Long, 

and P6Brady indicate the N-terminal end of these peptides is in the same location as P2MGG, P3LGG 

and P4GIITNL. The C-terminal end of P5Long and P6Brady are unresolved in the electron density and 

likely flexible. 

Broad substrate specificity of OppA is mainly regulated through hydrogen bonds to the 

peptide backbone, with few peptide side chain interactions (177,194). In all of the nthiOppA 

complexes, the N-terminal end of the bound peptide is secured by a salt bridge (Figure 3.3). In 

addition to the salt bridge, four hydrogen bonds secure the first residue of peptides in the 

substrate-binding pocket (Tyr130, two from His441, and Asp443). A second salt bridge also 

contributes to the binding of the C-terminal ends of the tripeptides. For P2MGG, P3LGG, and the 

co-purified peptide, hydrogen bonds to both amino and carboxyl groups of the remaining 
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Figure 3.2. Peptide binding and selectivity of the substrate-binding pocket of nthiOppA. 

(A) Peptide binding increases the thermal stability of nthiOppA. Refolded nthiOppA is 
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represented by the black line, and each peptide is represented by the color corresponding to the 

label above the peptide electron density. A 2Fo−Fc omit map was calculated for each of the 

peptides bound to nthiOppA. (B) P1KKK, (C) P2MGG, (D) P3LGG, (E) P4GIINTL, (F) P5Long, (G) 

P6Brady, and (H) co-purified peptide share a binding site in the substrate-binding pocket of 

nthiOppA. The density for the ligand is shown at a contour of 1σ.  
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residues secure the substrate in the binding pocket. P4GIINTL has the most peptide-backbone 

hydrogen bonds involving an additional eight residues Glu52, Val54, Asn388, Asn392, two from 

Arg437, Gly439, and Tyr509 (Figure 3.3D). The P4GIINTL complex shows nthiOppA-peptide 

interactions occur with at least the first six residues of a peptide, providing a platform for 

nthiOppA to bind longer peptides such as P5Long and P6Brady. Like the tripeptide complexes, the 

amino and carbonyl groups of the first three P4GIINTL residues form hydrogen bonds in the 

binding cavity, and only the carbonyl groups of the remaining peptide residues hydrogen bond 

with nthiOppA. With extensive peptide backbone interactions, a salt bridge is not required to 

stabilize the charged C-terminal end of the hexapeptide.  

  

3.3.3. Flexible Binding Cavity Accommodates Bulky Ligands  

In the ligand-bound closed conformation, several Gram-positive OppA homologs have 

flexible substrate-binding pockets that vary in size. The binding cavities efPrgZ, bsAppA, and 

llOppA range in volume even when bound to long peptides, 1600 Å3, 2500 Å3, and 4900 Å3, 

respectively (180). Alignment of heptapeptide-bound efPrgZ with the P4GIINTL complex (RMSD 

= 1.30 Å) shows a conserved salt bridge and hydrogen bonds to the N-terminal residue of the 

peptide (Figure 3.4). Similar to other Gram-positive OppA homologs, the P4GIINTL complex 

demonstrates the flexibility of the Gram-negative OppA binding cavity by expanding to 

accommodate a larger substrate and maintaining the peptide interactions in the substrate-binding 

pocket. Comparing the P2MGG and the P4GIINTL complexes, rearrangement of backbone loops and 

side chains in the substrate-binding pocket widen the binding cavity to prevent steric clashes 

with the side chains of residues 4 and 5 of P4GIINTL. The side chains of Tyr267 and His441 adopt 

different rotamer conformations by rotating 89° and 88°, respectively, creating a larger binding 
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Figure 3.3. Protein-peptide backbone hydrogen bonds are independent of peptide side 

chains. The hydrogen bond interactions of (A) P2MGG, (B) P3LGG, (C) co-purified peptide, and 

(D) P4GIITNL with nthiOppA are represented by orange dashed lines. The bound peptide is shown 

in green. Hydrogen bond lengths calculated in LigPlot+.  
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Figure 3.4. Structural alignment of peptide-bound OppA homologs. The peptide-binding site 

of the P4GIINTL nthiOppA complex is conserved among OppA homologs. The following ligand-

bound OppA homologs (light gray) were aligned with nthiOppA (IA, salmon; IB, wheat; II, cyan) 

bound to P4GIINTL (A) KGE bound ecOppA (PDB code 3TCG, RMSD = 0.72 Å), (B) LVTLVFV 

bound efPrgZ (PDB code 4FAJ, RMSD = 1.30 Å), (C) VDSKNTSSW bound bsAppA (PDB 

code 1XOC, RMSD = 2.03 Å), and (D) bradykinin bound llOppA (PDB code 3DRG, RMSD = 

3.43 Å). Each inset depicts the N-terminal end of the bound peptides in the substrate-binding 

pocket with the OppA homolog bound peptide in dark gray and P4GIINTL in green. 

  



96 

pocket for the bound peptide (Figure 3.5).  

Additional co-crystallization of nthiOppA with heme was attempted in the optimized 

crystallization condition and screened for in a new crystallization conditions, but no heme co-

crystals were obtained. Therefore, in silico heme binding studies of nthiOppA and two other 

solved Cluster C structures, gpHbpA and ecNikA were used. ROSIE ligand-docking program 

was used to predict the most likely interactions between the co-purified peptide bound nthiOppA 

complex and heme. Representative top-ranked solutions for the SBPs show a similar location and 

ligand position of heme in each protein (Figure 3.6). Based on the docking solutions, movement 

of backbone loops and side chains in the binding cavities of all three SBPs allows for the 

docking of heme near the canonical substrate-binding sites. The top-ranked solutions for 

nthiOppA indicate the substrate-binding pocket could be large enough to accommodate both 

heme and peptide (Figure 3.6A). The docked heme demonstrates the substrate-binding pocket 

extends into domain I and is adjacent to the peptide-binding site (Figure 3.7B). Interestingly, the 

rotations of side chains Tyr267 and His441 in the top-scoring heme docking model of nthiOppA 

are similar to those observed in the P4GIINTL complex (Figure 3.6D). This model suggests heme 

binding of nthiOppA does not conflict with peptide-protein interactions and the possibility of a 

heme-specific cleft in the substrate-binding pocket.  

 

3.3.4. Accommodating Heme and Peptide in NthiOppA Substrate-Binding Pocket 

To further elucidate the multisubstrate specificity of nthiOppA, the heme and peptide 

interactions with the substrate-binding pocket were compared. An SPR assay was used to 

measure the competitive binding between heme and peptide by injecting either ligand alone or 

together over immobilized nthiOppA. The sum of the individual responses of heme and peptide 
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Figure 3.5. Flexible residues allow the substrate-binding pocket to expand and 

accommodate bulky hydrophobic side chains of bound peptide. Two binding pocket residues, 

Tyr267 and His441, adopt different rotamer conformations enlarging the binding cavity in the 

P4GIINTL complex. The P2MGG and P4GIINTL complexes are shown in cyan and salmon, 

respectively.  
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Figure 3.6. Comparing heme docking studies of multiple Cluster C SBPs shows conserved 

heme-specific cleft in the substrate-binding pocket. Independent of canonical ligand size of 

these SBPs, structural conservation of Cluster C proteins creates flexible substrate-binding 
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pockets large enough to accommodate heme binding. (A) A top-scoring model of heme docked 

in a heme-specific cleft of substrate-binding pocket of nthiOppA. The nthiOppA substrate-

binding pocket is large enough to fit two substrates, heme and the co-purified peptide, shown in 

cyan and green, respectively. The docking model shows both ligands are fully enclosed and 

buried in the binding pocket. (B) A top-scoring model of gpHbpA (PDB code 3M8U) shows the 

docked heme in a relatively similar location in binding pocket. (C) A top-scoring heme docked 

model for ecNikA (PDB code 3DP8) also shows the substrate binding pocket accommodates 

both heme and butane-1,2,4-tricarboxylate-chelated nickel, shown in green. (D) In the nthiOppA 

heme docked model shown in cyan, Tyr267 and His441 adopt similar rotamer conformations as 

the P4GIINTL complex shown in salmon. 
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Figure 3.7. Heme-specific binding cleft is independent of bound peptide in the nthiOppA 

substrate-binding pocket. Cutaway surface representations of the top-scoring ROSIE docking 

nthiOppA model shows the heme-specific binding cleft does not overlap with the bound peptide. 

(A) The co-purified peptide discovered in the nthiOppA structure is buried in the peptide-binding 
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site formed by a majority of hydrogen bonds with domain II. (B) The flexible binding cavity 

allows for a heme-specific cleft adjacent to the peptide-binding site. Models of (C) P1KKK, (D) 

P2MGG and (E) P5Long aligned with the heme docking model. A competitive SPR assay was used 

to measure the ability of heme to bind nthiOppA in the presence of (F) P1KKK, (G) P2MGG or (H) 

P5Long. The sensograms display the response of peptide binding to nthiOppA, the combined 

injection of heme and peptide and the theoretical sum model of the individual heme and peptide 

injections in green, blue and black lines, respectively. 
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were used to determine the theoretical response of both heme and peptide binding to the 

substrate pocket simultaneously. In the case of heme binding independent of peptide binding, we 

would expect the observed SPR response of the combined ligands to correspond to the 

theoretical sum of the independent heme and the peptide responses. For competitive binding of 

heme, we would expect a reduction of the observed SPR response of an injection with both 

ligands in comparison to the theoretical sum of the individual responses of heme and peptide. 

The SPR competition assay probes the availability of a heme-specific cleft in the presence of 

bound peptide in the substrate-binding pocket. 

Using this experimental design, P1KKK, P2MGG, and P5Long were injected at a high 

concentration to load the peptide-specific site of the nthiOppA binding pocket. The SPR 

sensograms of the individual peptide response and the combined heme and peptide response 

were collected for each peptide. The theoretical sum of the individual peptide and heme 

responses were calculated and compared to the observed combined heme and peptide response 

for each peptide (Figure 3.7). The observed SPR response of the combined heme and P1KKK 

injection matched the theoretical sum of the responses for both ligands. For P1KKK, heme does 

not compete for binding at the peptide-specific binding site, and heme binding is independent of 

bound peptide (Figure 3.7F). This is evidence of a heme-specific cleft in the substrate-binding 

pocket and corresponds with the heme docking studies that predict bound peptide does not 

exclude heme binding. The combined heme and peptide injections of P2MGG and P5Long are lower 

than the theoretical sum of the individual responses. In these cases, the presence of peptide does 

limit, but does not abolish heme binding (Figure 3.7, G and H). In the ligand-bound closed 

conformation of P2MGG and P5Long complexes, steric hindrance of the bulky and rigid side chains 

or occlusion of the channel to the heme-specific binding cleft reduces heme binding. These 
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competition assays show heme does not directly compete with peptide binding and disruptions in 

heme and peptide binding are likely influenced by a heme-specific binding cleft in close 

proximity to the peptide binding site. 

 

3.3.5. Differential Substrate Binding of NthiOppA Domains 

To further expand our knowledge of nthiOppA substrate binding, the individual domains 

of nthiOppA, nthiOppA1A1B and nthiOppA2 were expressed and purified (Figure 3.8, A and B). 

Using SPR, I determined nthiOppA1A1B has about four-fold higher affinity for heme than 

nthiOppA2 with KD values of 577 nM and 2.46 μM, respectively (Figure 3.8, C and D). 

NthiOppA1A1B binds heme with a similar affinity to nthiOppA. This corresponds with the heme 

docking studies, which identified domain I as playing a major role in the formation of a heme-

specific cleft in the binding cavity. An intrinsic tryptophan fluorescence quenching assay was 

used to test the ability of the individual OppA domains to bind the hexapeptide. This assay 

determined P4GIINTL binds nthiOppA2 with a KD value of 172 nM, and nthiOppA1A1B has a 

weaker affinity with a KD value of 11.7 μM (Figure 3.8, E and F). Peptide binding of nthiOppA 

is largely mediated through interactions with domain II, and nthiOppA2 has a similar heme 

affinity as nthiOppA with a KD value of 754 nM (Figure 3.9). Notably, there are two hydrogen 

bonds and a salt bridge between residues in domain II and the N-terminal residue of the bound 

peptide. Based on these binding studies, each domain plays a differential role in binding both 

substrates with domain I directing heme binding and domain II driving P4GIINTL binding of 

nthiOppA. 
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Figure 3.8. NthiOppA1A1B and nthiOppA2 differentially bind heme and peptide substrates. 

Cartoon represntations of individual nthiOppA domains, (A) nthiOppA1A1B and (B) nthiOppA2 

are highlighted in salmon/wheat and cyan, respectively. Single-cycle kinetic analysis of (C) 

nthiOppA1A1B and (D) nthiOppA2 heme binding. Each sensogram depicts representative data fit 

to a 1:1 two-state reaction model, shown in red and dashed black lines, respectively. Calculated 

kinetic constants shown in Table 3.3. The tryptophan fluorescence quenching of (E) 

nthiOppA1A1B and (F) nthiOppA2 upon P4GIINTL binding. Representative data shown fit to a one-

site binding model. 
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Table 3.3. Heme kinetic constants of nthiOppA domains. 

 
ka1 M

-1s-1 kd1 s
-1 ka2 s

-1 kd2 s
-1 

nthiOppA 1A1B 1.23 (0.04) x 104 2.66 (0.12) x 10-2 6.88 (0.30) x 10-3 2.50 (0.10) x 10-3 

nthiOppA 2 5.78 (0.54) x 103 3.72 (0.07) x 10-2 4.65 (0.06) x 10-3 2.84 (0.10) x 10-3 

* Standard deviation shown in parentheses 
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Figure 3.9. Domain truncation does not disrupt the overall structure of the individual 

nthiOppA domains. The far UV CD spectra of the (A) nthiOppA1A1B and (B) nthiOppA2 

correspond to the anticipated secondary structure content of the individual domains. The α/β–

domain of nthiOppA2 consists of several α–helical structures surrounding the β–sheet, and the 

secondary structure properties of nthiOppA1A1B contain a higher proportion of flexible loops 

connecting domains IA and IB. (C) The quenching of nthiOppA tryptophan fluorescence with the 

titration of P4GIINTL. NthiOppA was used as a control to compare nthiOppAIAIB and nthiOppAII 

peptide binding affinities. Representative data shown fit to a one-site binding model.  
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3.4. Discussion 

NTHi employs Cluster C SBPs to scavenge essential nutrients and adapt to rapidly 

changing microenvironments in the host. In Gram-negative M. catarrhalis, oppA is necessary for 

invasion of human respiratory epithelial cells and persistence during infection (84). Both 

mcOppA and its transporter are capable of binding and importing peptides up to 10 amino acids 

which is comparable to the binding capacity of other Gram-positive OppA homologs (104). In 

addition to nutrient uptake, Gram-negative OppA plays a role in proteostasis of the periplasm. To 

aid in protein folding, ecOppA acts as a protein chaperone in the periplasm (195,196). OppA can 

assist in the recycling of misfolded periplasmic proteins by transporting protease-degraded 

peptides into the cytoplasm for reuse as a nutrient source. 

Broadening our understanding of Gram-negative OppA peptide specificity is important for 

determining peptide utilization for essential nutrients and signaling pathways. Prior to this work, 

peptide specificity of Gram-negative OppA homologs was believed to be limited to tri- and 

tetrapeptide substrates. This data shows nthiOppA bound to a longer peptide than previously 

observed in other Gram-negative OppA structures. The protein-peptide hydrogen bond 

interactions of the tripeptide bound nthiOppA structures are maintained in the novel hexapeptide 

bound complex and demonstrate peptide recognition of this SBP is independent of the length and 

amino acid composition of these peptides. The P4GIINTL nthiOppA structure highlights the 

flexibility of the binding cavity that expands to accommodate the hexapeptide. These findings 

bridge the peptide specificity of Gram-negative and Gram-positive OppA proteins and highlight 

the similarities of these SBPs.  

The binding studies presented in this work have identified heme as a novel substrate for 

nthiOppA. The SPR competition assays observed a distinct heme-specific binding cleft separate 
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from the peptide-binding site of nthiOppA and determined heme binding is not completely 

inhibited by bound peptide. This demonstrates the substrate-binding pocket of nthiOppA is 

capable of expanding to accommodate larger peptides, and that heme and peptide substrates can 

coexist in the binding pocket. The substrate-binding pocket is formed at the interface of the 

nthiOppA domains with each domain playing a differential role in substrate binding, heme 

binding is managed by domain I and peptide binding in controlled by domain II.  

We suspect the multifunctional role of OppA helps NTHi survive in the hostile host 

environment. The ligand-specific sites in the binding cavity allow nthiOppA to accommodate 

both heme and peptide for the uptake of these essential nutrients. The cooperation and 

competition between substrates in the binding cavities of Cluster C SBPs will determine which 

substrates are delivered to ABC importers for transport. Next, we turn our attention to another 

multisubstrate NTHi SBP that binds heme in addition to its canonical substrate to understand 

how these proteins can recognize a few unique substrates with high affinity. In Chapter 4, we 

will explore the canonical substrate binding of another Cluster C SBP by characterizing the 

ability of nthiSapA to recognize AMPs. 
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CHAPTER 4: 4 

Structural and Mechanistic Studies of the Sensitivity to Antimicrobial Peptides (Sap) 

System 
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4.1. Introduction  

4.1.1. Antimicrobial peptides (AMPs) in Immune Defense  

The focus of this chapter was to understand how the ability of the SBPs to recognize 

distinct substrates plays a role in the bacterial response to the host immune defense. A major 

component of the host innate immune response is the production of small cationic AMPs, 

conserved from plants to humans, with antimicrobial activity against a variety of viruses, 

bacteria, fungi and parasites (197-199). Two major families of AMPs peptides are cathelicidins 

and defensins that act as effector molecules in host-pathogen interactions. These positively 

charged amphipathic peptides range in size from about 20 to 50 amino acids and selectively 

target microbial cell membranes. The general bactericidal mechanism of these AMPs is that the 

peptides collect on the surface of bacteria causing perturbation of the lipid membrane and this 

leads to rapid cell death (200).  

AMPs are derived from inactive propeptide precursors, and proteolytic cleavage of the C-

terminal antimicrobial domain activates the AMPs. The human cathelicidin propeptide hCAP-18 

is processed to create α-helical AMP hLL-37. Cathelicidin is produced by many cells in the body 

but large amounts of this AMP precursor are localized in neutrophil granules (201). Once 

activated, hLL-37 stimulates host defense pathways by inducing ROS production and 

phagocytosis by neutrophils (202). Cathelicidin moderates overreaction of the inflammatory 

response to bacterial infection by preventing activated neutrophils and macrophages from 

stimulating proinflammatory mechanisms and reducing the harmful effects of endotoxin (203).  

In the human airway, α-defensins are packaged in neutrophil granules and epithelial cells 

produce β-defensins (204,205). Defensins are cysteine-rich AMPs with three intramolecular 

disulfide bridges, a conserved structural characteristic called a γ-core motif (206). Even with a 
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high level of sequence diversity, defensins share a common secondary structure signature with a 

β-hairpin in a three-strand antiparallel β-sheet. The two main subfamilies are classified by their 

conserved disulfide bond motifs, α-defensins (C1-C6, C2-C4, C3-C5) and β-defensins (C1-C5, C2-

C4, C3-C6). In addition to antimicrobial activity, defensins can inhibit bacterial toxins, act as a 

chemoattractant for macrophages, and effector molecules in inflammation, immune activation 

and wound healing (207-209). 

 

4.1.2. Host Response to NTHi Infection  

In a healthy state in the nasopharynx, the host and bacteria maintain homeostasis by 

balancing the NTHi-induced AMP immune response. When this balance is lost, NTHi spreads to 

the middle ear causing OM infections. Middle ear epithelial cells detect bacteria through 

pathogen-associated molecular patterns (PAMPs). NTHi is recognized by Toll-like receptor 2 

(TLR2) signaling the mitogen activated protein kinase (MAPK) pathway to mobilize the immune 

response (210). Defensins including α-defensin 1 (hNP1), hBD2, and hBD3 are likely to be the 

most potent AMPs in response to NTHi infections (211-213). HNP1 has a positive net charge +3 

and has 30 amino acids. The β-defensins, hBD2 and hBD3, are larger with 41 and 45 amino 

acids and net charges of +6 and +11, respectively. When hBD3 homolog cBD1 is used as an 

intranasal treatment in the OM infection animal model, NTHi colonization of the chinchilla 

nasopharynx was drastically reduced (214). Additionally, coinfection with respiratory syncytial 

virus (RSV) lead to the decrease in expression of the hBD3 homolog in the chinchilla animal 

model and allowed NTHi to flourish in the upper respiratory tract (215). Quantification of 

defensins during OM infection in the middle ear fluid of patients has not yet been evaluated. 
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4.1.3. Sap Importer Required for Heme Uptake and AMP Resistance 

NTHi has developed protective mechanisms to evade the host-mediated response, 

including biofilm formation, alterations to the cellular membrane, inhibiting neutrophil 

chemotaxis, invasion of host cells, avoiding phagocytosis, and AMP resistance (141,216-219). 

The Sap transport system mediates NTHi-host interactions through nutrient uptake and AMP 

resistance, and the sap gene cluster is up-regulated during OM infection (109). In addition to 

nthiSapA, the NTHi sap gene cluster includes two TMDs nthiSapB and nthiSapC, followed by 

two NBDs nthiSapD and nthiSapF, and putative membrane protein nthiSapZ. NthiSapZ is not 

widely conserved in the sap operon and has only been identified in E. coli, N. meningitidis, 

Pasteurella multocida, P. aeruginosa, S. enterica, and S. Typhimurium gene clusters (109). 

Multiple components of the Sap transport system are known to be essential for NTHi 

colonization and virulence. Mutations in nthiSapA, nthiSapD, and nthiSapF have similar 

phenotypes in OM infection models with attenuated survival in the nasopharynx and middle ear 

of chinchillas compared to the parent strain (109,115,153). The role of TMD components in 

colonization and virulence of NTHi has not been published. However, the TMDs are needed for 

formation of a functional Sap transporter and, similar to the NBDs, are also likely necessary for 

NTHi survival.  

The individual Sap components contribute to the distinct functional roles of the Sap 

transporter in the nutrient uptake and antimicrobial resistance. NthiSapA is necessary for 

survival after heme starvation and evading the bactericidal activity of AMPs (109,110). In NTHi, 

the role of the TMDs in heme uptake has focused on the combined function of nthiSapB and 

nthiSapC. A mutant strain lacking both TMDs, sapB and sapC, was unable to efficiently 

transport heme across the inner membrane of NTHi (110). Unlike the NTHi parent strain that 
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prevents AMPs from building up on the cell membrane, hBD3 and hLL-37 accumulate on the 

cell surface of a double mutant sapB sapC strain and are not transported to the cytoplasm for 

degradation (113). The individual NBD genes play differential roles in nutrient uptake and AMP 

resistance. NthiSapF is essential for NTHi survival in heme-starved growth conditions (153). 

However, nthiSapD is not thought to play a role in heme uptake but has been shown to be 

necessary for potassium uptake through the Trk system (115,220). NTHi parent and sapF mutant 

strains are resistant to AMPs hBD3 and hLL-37. However, the mutant sapD strain is susceptible 

to both AMPs (153). NthiSapD is also necessary for NTHi resistance against cBD1 (115).  

A better understanding of how nthiSapA selects substrates for delivery to the Sap 

transporter will help to elucidate the multifunctional role this system plays in heme uptake and 

antimicrobial resistance. Functional and structural studies were used to better understand 

substrate recognition of nthiSapA. In comparison to other peptide SBPs such as DppA and 

OppA, nthiSapA is capable of binding more complex and larger peptides. Our collaborator 

Kevin Mason identified nthiSapA mediates antimicrobial activity of hNP1, hBD2 and hBD3. 

SPR was used to investigate the binding affinity of nthiSapA for these defensin AMPs. 

Simplified AMP peptides containing the loop region of hNP1, hBD2, and hBD3 were 

synthesized to determine the role of the conserved γ-core motif 3D structure in nthiSapA 

specificity and binding. NthiSapA recognizes the loop region of all three defensin AMPs with 

similar affinity as the full-length peptides. Additionally, AMP recognition and binding affinity of 

nthiSapA is not dependent on the structure of the loop region. This work highlights the ability of 

nthiSapA to bind hNP1, hBD2 and hBD3 with high affinity, despite their differences in peptide 

sequence, length and net charge. 
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4.2. Experimental Procedures  

4.2.1. Materials 

Recombinant hNP1, hBD2, hBD3, and hLL-37 were purchased from PeproTech. Synthetic 

hNP1 and hBD2 were purchased from Peptide International. Custom peptides hNP1loop, hBD2loop 

and hBD3loop (>95% pure) were purchased from GenScript. All peptides were solubilized 

according to manufacture recommendations.  

 

4.2.2. Expression Vectors and Initial Expression Trials of Sap Transporter Components 

Sap transporter components, nthiSapB, nthiSapC, nthiSapD, and nthiSapF, were amplified 

from the genomic DNA of a clinical strain of NTHi 86-028NP. Multiple protein tags were tested 

to optimize solubility of the Sap transporter components, and dual expression vectors were 

trialed to improve assembly of the Sap transporter components. Constructs were designed with 

ligation independent cloning (LIC) primers. For N-terminal tag expression vectors the following 

primers were used, forward primer TACTTCCAATCCAATGCA and reverse primer 

TTATCCACTTCCAATGTTA, and for C-terminal tag expression vectors the following forward 

primer GTCTCTCCCATG and reverse primer GGTTCTCCCCAGC were used. Using the LIC 

technique, Sap transporter components were cloned into MSCG vectors with various tags, 

summarized in Table 4.1. All plasmids were verified by sequencing (ACGT Inc.).  

Sap transporter components were transformed in BL21(DE3), C41(DE3), and C43(DE3) 

strains for expression testing. The initial Sap transporter component constructs and the results of 

the expression trials with different protein tags are summarized in Table 4.1. In brief, cells were 

cultured in Terrific Broth media with the appropriate antibiotics. Cultures were grown at 37°C to 

an OD600 of 0.4, and then the incubator was then cooled to 16°C. Cells were induced with 400 
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Table 4.1. Sap transporter components construct design and expression trials. 
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μM IPTG at an OD600 of 0.8. Samples were taken at 0 h, 2 h, 6 h, and ON, and an anti-His 

western blot of the expression time points were used to determine protein expression levels. 

Expression vectors with different antibiotic markers were cotransformed in an E. coli strain for 

coexpression of multiple Sap transporter components at one time (Table 4.2). In addition to the 

expression conditions mentioned above, coexpression was also tested using cells grown in Luria 

Broth media with the appropriate antibiotics at 37°C. Cells were induced with 400 μM IPTG at 

an OD600 of 0.6. Samples were taking at 0 h, 1 h, 2 h and 3 h to determine the level of protein 

expression.  

 

4.2.3. Expression and Purification of NthiSapC, NthiSapD and NthiSapF 

Individual Sap transporter components were expressed under the following optimized 

conditions. To express TMD nthiSapC, an overnight culture of nthiSapC MCSG7 in BL21(DE3) 

was diluted 1:1000 into 1 L Terrific Broth media supplemented with 100 μg/mL ampicillin. For 

expression of nthiSapD, an overnight culture of nthiSapD MCSG12 in BL21(DE3) was diluted 

1:1000 into 1 L Terrific Broth media supplemented with 34 μg/mL chloramphenicol. The same 

expression conditions were used for nthiSapC and nthiSapF. Cells were grown at 37°C to OD600 

of 0.4 and then the incubator was cooled to 16°C. At an OD600 of 0.8, cells were induced with 

400 μM IPTG. Protein was expressed overnight. A shorter expression time and warmer 

temperature were used for nthiSapF expression. An overnight culture of nthiSapF MCSG7 in 

BL21(DE3) was diluted 1:1000 into 1 L Luria Broth media supplemented with 100 μg/mL 

ampicillin. Cells were grown at 37°C to OD600 of 0.6 and induced with 400 μM IPTG. Protein 

was expressed for 3 h at 37°C. After protein expression, cells were harvested by centrifugation at 

5000 rpm and cell pellets were stored at -80°C. 
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Table 4.2. Dual expression trials of Sap transporter component. 
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The following is a general purification protocol for Sap transporter components. See Table 

4.3 for specific purification conditions for each Sap transporter component. The cell pellet was 

resuspended in sonication buffer and the cells were lysed using S-4000 sonicator. If detergent 

was used in the purification, the protein was solubilized by stirring for 1 h at 4°C. The cellular 

debris was centrifuged at 17,000 rpm for 30 min at 4°C. The supernatant was applied to an 

equilibrated Ni-NTA affinity chromatography column and washed with 10 column volumes of 

wash buffer. The protein was eluted with 10 column volumes of elution buffer and fractions 

(determined by SDS-PAGE to be >95% pure) were pooled. To cleave the protein tag, TEV 

protease was added to the protein during overnight dialysis at 4°C. A second Ni-NTA affinity 

chromatography column was used to remove the protein tag and TEV protease from the sample. 

The sample was passed over the second nickel column twice and washed with 5 column volumes 

of equilibration buffer. To verify TEV protease and tagged protein were separated from the 

cleaved protein, the column was wash with 5 column volumes of wash buffer and then 10 

column volumes of elution buffer. The flow through and the equilibration fractions (determined 

by SDS-PAGE to be >95% pure) were pooled. The cleaved sample was concentrated in a 30 kDa 

Amicon concentrator (15 mL) for 15 min at 2500 rpm. The concentrated sample was applied to 

an equilibrated HiLoad 16/600 Superdex 200 size-exclusion chromatography column. The 

sample was concentrated to 10-20 mg/mL and stored at -80°C.  

The focus of the Sap transporter component project was to express and purify the Sap 

transporter for functional and structural studies. Crystal structures of the Sap transporter could 

reveal the assembly of Sap components for complex formation and conformational changes 

induced by NBD regulatory domains. ATPase hydrolysis and transport assays could be used to 

characterize the roles of Sap components complex assembly, nthiSapA, and substrates in the 
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Table 4.3 Purification conditions for Sap components. 

 SapC  SapD  SapF 

Cell pellet 20 g  10 g   5 g 

Resuspension vol. 200 mL  100 mL  100 mL 

Sonicate 90 amp  90 amp  90 amp 

total time 3 min  2 min  1 min 

on/off time 1 s/9 s  1 s  1 s 

1st column CV 2 mL  2 mL  2 mL 

2nd column CV 5 mL   5 mL   5 mL 

Sonication buffer 25 mM Tris pH 7.5    

500 mM NaCl       

15 mM Imidazole     

1% DDM                      

100 μM PMSF 

  25 mM Tris pH 7.5    

450 mM NaCl                         

50 mM MgCl2                   

15 mM Imidazole     

10% glycerol                

1% Triton-X                     

100 μM PMSF 

  25 mM Tris pH 7.5    

500 mM NaCl       

15 mM Imidazole        

100 μM PMSF 

Equilibration 

buffer 

25 mM Tris pH 7.5    

500 mM NaCl       

15 mM Imidazole     

0.025% DDM                      

  25 mM Tris pH 7.5    

450 mM NaCl                         

50 mM MgCl2                   

15 mM Imidazole     

10% glycerol              

0.025% DDM                      

  25 mM Tris pH 7.5    

500 mM NaCl       

15 mM Imidazole                          

Wash buffer 25 mM Tris pH 7.5    

500 mM NaCl       

60 mM Imidazole     

0.025% DDM                      

  25 mM Tris pH 7.5    

450 mM NaCl                         

50 mM MgCl2                   

10% glycerol              

0.025% DDM                      

  25 mM Tris pH 7.5    

500 mM NaCl       

60 mM Imidazole     

Elution buffer 25 mM Tris pH 7.5    

500 mM NaCl       

250 mM Imidazole     

0.025% DDM                     

  25 mM Tris pH 7.5     

450 mM NaCl                         

50 mM MgCl2                    

250 mM Imidazole     

10% glycerol              

0.025% DDM                     

  25 mM Tris pH 7.5    

500 mM NaCl       

250 mM Imidazole                

Dialysis buffer 25 mM Tris pH 7.5    

500 mM NaCl            

0.025% DDM                    

0.5 mM EDTA                

1 mM DTT 

  25 mM Tris pH 7.5    

450 mM NaCl                         

50 mM MgCl2                   

10% glycerol               

0.025% DDM                    

0.5 mM EDTA                

1 mM DTT 

  25 mM Tris pH 7.5    

500 mM NaCl                     

0.5 mM EDTA                

1 mM DTT 

Running buffer 25 mM Tris pH 7.5    

500 mM NaCl            

0.025% DDM                     

  25 mM Tris pH 7.5    

450 mM NaCl                         

50 mM MgCl2                    

0.025% DDM                     

  25 mM Tris pH 7.5    

500 mM NaCl              
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activity of the Sap transporter. Unfortunately, the expression of nthiSapB was too low for 

purification.  Purification   of   nthiSapC   and   nthiSapD   were   successful   but   size-exclusion 

chromatography demonstrated the components were heterogeneous (Figure 4.1). The purification 

of nthiSapF yielded monomer protein with high purity (Figure 4.2), which led to the successfully 

crystallization and structure determination of nthiSapF. 

 

4.2.4. Expression and Purification of NthiSapA 

NthiSapA construct and expression conditions were used as previously described in 

Chapter 2 Experimental Procedures. For purification of nthiSapA, a 20 g cell pellet was 

resuspended in 200 mL of buffer A (25 mM Tris pH 7.5, 500 mM NaCl, 15 mM imidazole pH 

7.4) and sonicated on ice for 2.5 min with pulses of 1 s on and 9 s off (S-4000, Misonix 

Sonicators). The lysate was centrifuged at 17,000 rpm for 1 h and the supernatant was loaded on 

to a 5 mL Ni-NTA affinity chromatography column. The column was rinsed with 10 column 

volumes of buffer A, followed by 5 column volumes of buffer B (25 mM Tris pH 7.5, 500 mM 

NaCl, 60 mM imidazole pH 7.4) and the protein was eluted with 8 column volumes of buffer C 

(25 mM Tris pH 7.5, 500 mM NaCl, 250 mM imidazole pH 7.4). The protein was dialyzed 

overnight in buffer D (25 mM Tris pH 7.5, 500 mM NaCl). The protein was concentrated with a 

50 kDa Amicon Ultra concentrator (15 mL) for 10 min at 4000 rpm and injected on an 

equilibrated HiLoad 16/600 Superdex 200 size-exclusion chromatography column (GE 

Healthcare). For peptide SPR, nthiSapA was dialyzed in 25 mM HEPES pH 7.5, 500 mM NaCl. 

Protein concentration was determined using a nanodrop spectrophotometer (NanoDrop-1000, 

Thermo Fisher Scientific). The protein is stable for months at 4°C, even at high concentrations 

and can be stored at -80°C without effecting its ability to crystallize. 
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Figure 4.1. Protein purification of nthiSapC and nthiSapD. During the nthiSapC purification 

process, SDS-PAGE images of (A) the first nickel affinity column and (B) the second nickel 
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affinity column after TEV protease cleavage were used to monitor the sample quality. The 

purification of nthiSapD was evaluated by SDS images of (C) the first nickel affinity column and 

(D) the second nickel affinity column after TEV protease cleavage. The expected size of 

nthiSapC and nthiSapD is 33 kDa and 40 kDa, respectively. Size-exclusion chromatographs of 

(E) nthiSapC and (F) nthiSapD were collected at 280 nm.  
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Figure 4.2. Protein purification of nthiSapF. SDS-PAGE images of the nthiSapF purification 

process depicting (A) the first nickel affinity column and (B) the second nickel affinity column 

after TEV protease cleavage. The expected size of nthiSapF is 30 kDa. (C) The size-exclusion 

chromatograph of nthiSapF was collected at 280 nm.  

 

  



125 

4.2.5. Protein Crystallization of NthiSapF 

Crystallization trials of nthiSapF were performed using the sparse-matrix method. Initial 

nthiSapF hits were found in commercial screens summarized in Table 4.4. Based on the initial 

hits, high salt conditions were used to optimize nthiSapF crystals. NthiSapF crystals grew well in 

optimized conditions of 50-55% Tacsimate pH 7 and diffracted to 2.8-3.0 Å. The best diffracting 

nthiSapF crystals were found in the optimized condition containing 0.1 M MES pH 6, 1.25 M 

ammonium citrate pH 7. Sitting drop trays were set up using a ratio of 1:1 with 11 mg/mL 

protein to crystallization condition at 22°C. The crystal morphology of nthiSapF crystals was 

usually hexagonal prism, and the crystals grew overnight. The crystals were harvested and flash-

cooled in liquid nitrogen.  

 

4.2.6. Protein Crystallization of NthiSapA 

Sitting-drop vapor diffusion and sparse-matrix methods were used to identify potential 

crystallization conditions for nthiSapA. An initial hit was found in 0.1 M HEPES pH 7.5, 1.3 M 

ammonium sulfate at 22°C. An additive screen (Hampton Research, Cat. No. HR2-428) was 

used to optimize the initial nthiSapA hit. Using the 2 M sodium thiocyanate additive improved 

nthiSapA crystal formation, and diffraction quality bipyramidal crystals were grown overnight at 

22°C. Crystals typically measured about 50 x 50 x 100 μm.  

For the final optimized condition, nthiSapA was chemically denatured and refolded as 

described in Chapter 3 Experimental Procedures, Ligand-Free Protein Purification. Drops were 

set up with 1 μL nthiSapA (15 mg/mL, 25mM Tris pH 9.5, 150 mM NaCl), 1 μL crystallization 

condition (0.1 M Tris pH 9.4, 1.5 M ammonium phosphate) and 0.2 μL additive condition (2 M 

sodium thiocyanate) and equilibrated against 500 μL of the crystallization condition in the 
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Table 4.4. Initial crystallization conditions for nthiSapF crystals. 

Screen  Conditions  Hit 

Hampton Research Index 5 

 

0.1 M HEPES pH 7.5,                     

2.0 M Ammonium sulfate 
 

Brush-like crystals 

Hampton Research Index 29 
 

60% v/v Tacsimate pH 7.0 
 

Small crystals 

Qiagen JCSG+ 49  

 

1 M tri-sodium citrate,              

0.1 M sodium cacodylate pH 6.5 
 

Small crystals 

Wizard I 14 

 

1.0 M sodium citrate,                   

0.1 M sodium cacodylate pH 6.5 
 

Small crystals 

Wizard II 16 

  

1.0 M sodium citrate,                     

0.1 M CHES pH 9.5   

Brush-like crystals 
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reservoir. Crystals were briefly soaked in cryoprotectant (0.1 M Tris pH 9.4, 1.8 M ammonium 

phosphate, 15% v/v glycerol) and flash-cooled in liquid nitrogen. The crystals were subject to 

radiation damage, and data were obtained using two crystals from the same drop to collect a 

complete data set in the outer shell. 

Co-crystallization of nthiSapA with AMPs was attempted with AMP fragment peptides 

(Table 4.5). Co-crystallization drops set with AMP peptides only produced apo nthiSapA 

crystals. Many different crystallization variables were trialed to optimize for peptide bound 

nthiSapA. While conditions for peptide bound nthiSapA crystals were not identified, the range of 

conditions for apo nthiSapA crystallization was expanded. NthiSapA crystallizes using a variety 

of high salt conditions, condition 1 (0.1 M Tris pH 9.4, 0.8-1.1 M sodium/potassium tartrate), 

condition 2 (0.1 M Tris pH 9.4, 1.3-1.8 M ammonium phosphate), condition 3 (0.8-1.4 M 

potassium phosphate dibasic), and condition 4 (0.1 M HEPES pH 7.5, 1.3-1.5 M ammonium 

phosphate). NthiSapA protein concentration can be varied from 2-20 mg/mL, but 10-20 mg/mL 

produces higher diffraction quality crystals. Three different protein purification buffers were 

used to crystallize nthiSapA, buffer 1 (25mM Tris pH 9.5, 150 mM NaCl), buffer 2 (25mM Tris 

pH 7.5, 500 mM NaCl), and buffer 3 (25mM HEPES pH 7.5, 500 mM NaCl). The amount of 

additive added to the drop can vary from 0.05-0.2 μL, but apo nthiSapA will not crystallize 

without it. Refolded nthiSapA was used to eliminate the possibility of co-purified peptides bound 

to the SBP. However, natively purified nthiSapA crystallizes in the same conditions as refolded 

nthiSapA and the electron density from both types of crystals looks similar. 

Interesting, nthiSapA crystals with a new morphology were discovered when a protein 

buffer containing glycerol (25 mM HEPES pH 7.5, 125 mM NaCl, 10% glycerol) was used to set 

up crystal trays. Slender rod shaped nthiSapA crystals were grown using this protein buffer. The 
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Table 4.5. Custom defensin AMP fragments. 

   Sequence 

hBD3_Nterm_6  GIINTL 

hBD3_Mid_8  KSSTRGRK 

hBD3_Cterm_4  RRKK 

hNP1_loop  CRIPAGIAGERRCGGGGSPAPAK, C1-C13 

hBD2_loop  CHPVFGPRRYKQCGGGGSPAPAK, C1-C13 

hBD3_loop  CAVLSGLPKEEQCGGGGSPAPAK, C1-C13 

hNP1_linear  SRIPAGIAGERRSGGGGSPAPAK 

hBD2_linear  HPVFGPRRYKQ 

hBD3_linear  AVLSGLPKEEQ 

biotin_hBD3_11  RIPAGIAGERR 

biotin_hBD3_8  SGLPKEEQ 

biotin_AAA_11   SAAAGAAGSSS 
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best diffracting crystals were grown in 0.1 M Tris pH 8.5, 1.8 M ammonium sulfate, 18% 

glycerol. Sitting drop trays were set up using a ratio of 1:1:0.2 with 6.25 mg/mL protein to 

crystallization condition to additive (2 M sodium thiocyanate) at 22°C. Crystals were briefly 

soaked in cryoprotectant (0.1 M Tris pH 8.5, 1.6 M ammonium sulfate, 25% v/v glycerol) and 

flash-cooled in liquid nitrogen.  

 

4.2.7. Structure Determination of NthiSapA and NthiSapF 

Crystal diffraction data for nthiSapA and nthiSapF was collected at the Advanced Photon 

Source (Argonne, IL). For nthiSapA crystals, LS-CAT beamline 21-ID-G with a MX300 CCD 

detector (Rayonix, LLC) was used to collect data. Data for nthiSapF was collected at LS-CAT 

beamline 21-ID-D with an Eiger X 9M detector (DECTRIS AG). The data were integrated using 

XDS (181) and scaled with AIMLESS, from the CCP4 suite (182). Molecular replacement 

pipeline Balbes was used to build the initial models of nthiSapA and nthiSapF (183). NthiSapA 

model building was improved with ARP/warp from the online CCP4 platform (184). The final 

nthiSapA and nthiSapF models were edited in Coot (185) and refined with REFMAC (186). The 

cartoon representations of solved protein structures and protein alignments were created in 

PyMOL v2.0 (Schrödinger, LLC). The Dali server was used to identify structures similar to 

nthiSapA (221). Data collection and refinement statistics of nthiSapA and nthiSapF structures 

are summarized in Table 4.6. As of September 2018, Saemee Song is continuing to optimize 

SapF crystallization and structure determination. 

 

4.2.8. NthiSapA Peptide Binding Affinity using SPR 

Single-cycle kinetic experiments were used to determine defensin AMP binding affinity of   
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Table 4.6. Data collection and refinement statistics of nthiSapA 

and nthiSapF. 

Statistics nthiSapA nthiSapF 

 Space group P41 21 2 P6 2 2 

Data Collection   

 Unit cell Dimensions, Å   

 Aa  119.76 121.13 

 Bb  119.76 121.13 

 Cc  129.59 148.54 

 Unit Cell Angles, °   

 Aα  90.0 90.0 

 Bβ  90.0 90.0 

 Cγ  90.0 120.0 

 Resolution, Å 43.97-2.25 44.78-2.60 

  (2.32-2.25) (2.72-2.60) 

 Wavelength, Å 0.9786 1.1020 

 Completeness, % 99.9 (100) 99.9 (100) 

 Rmerge 0.088 (0.702) 0.134 (1.347) 

 Average I/σI 16.1 (4.3) 19.7 (3.6) 

 Redundancy 19.2 21.9 

 Total reflections 869659 773708 

 Unique reflections 45307 20421 

Refinement   

 Rwork/Rfree 0.1998/0.2316 0.2865/0.3380 

Number of atoms   

 All atoms 4374  

 Protein 4250  

 Water 124  

Average B-factor, Å2   

 All atoms 59.6  

 Protein 59.7  

 Water 53.3  

Rmsd   

 Bond lengths, Å 0.011 0.008 

 Bond angles, ° 1.809 1.898 

Ramachandran statistics   

 Favored, % 96.0  

 Allowed, % 3.4  

  Outliers, % 0.6  

*Data for the highest-resolution shell are given in parentheses.  
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nthiSapA. Defensin AMPs were coupled via a standard amine-coupling method in flow channels 

2, 3, and 4 on a CM5 sensor chip (GE Healthcare); 300-1000 RU of each AMP was immobilized. 

Flow channel 1 was designated the control channel. The surface of the chip was equilibrated in 

running buffer (25 mM HEPES pH 7.5, 150 mM NaCl, 0.1% Tween 20) at a flow rate of 30 

μL/min for at least 3 h. Analyte injections of nthiSapA were prepared by 2-fold serial dilution. 

The analyte samples of increasing concentrations were consecutively injected over all four 

channels followed by a final dissociation step. Experiments were run at a flow rate of 30 μL/min 

at 25°C. The sensor surface was regenerated after each experiment with four 30 s injections of 

running buffer, supplemented with 0.1% SDS, at a flow rate of 50 μL/min.   

AMP loop peptides were amine-coupled using the method described above with 300-400 

RU of each peptide immobilized. The samples were treated with the same conditions as 

previously mentioned with one exception, two injections were used to regenerate the sensor 

surface instead of four. After collecting data under oxidizing conditions, the chip was 

equilibrated with reducing buffer (25 mM HEPES pH 7.5, 150 mM NaCl, 0.1% Tween 20, 2 

mM TCEP) for at least 4 h. The nthiSapA analyte injections were than repeated under reducing 

conditions. 

Data were obtained in triplicate. All experiments were performed with the Biacore T200 

instrument (GE Healthcare) according to the manufacturer’s instructions. Kinetic rate constants 

and equilibrium dissociation constants were determined by fitting the data globally to the 1:1 

two-state reaction model using the Biacore T200 evaluation software v3.0 (GE Healthcare).  
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4.3. Results  

4.3.1. Crystal Structure of Sap Transporter Component NthiSapF 

NBD dimerization is necessary for ATP hydrolysis to drive the conformational changes of 

the TMDs for the translocation of the substrate. However, nthiSapF appears to be a monomer in 

solution. The nthiSapF protein peak on the size-exclusion column correlates with the size of 

nthiSapF monomer (Figure 4.2C). NthiSapF was crystallized with the hope of capturing the 

NBD in the dimer conformation. The structure of nthiSapF was solved by molecular replacement 

with a resolution of 2.6 Å and space group P6 2 2 (Figure 4.3A). Unfortunately, nthiSapF did not 

crystallize as a dimer but has two monomers in the asymmetric unit.  

In the SapF model, residues 9-253 were built in the electron density. The N-terminal and 

C-terminal ends of the protein and a loop from residues 176-182 were not visible in the electron 

density. Despite low sequence identity, NBDs of ABC transporters have a highly conserved 3D 

structure with specific ATP binding motifs, the Walker A, the Walker B, and the signature 

sequence. All these features are found in the nthiSapF structure. The structure of nthiSapF was 

aligned with the NBDs of Type I importer Archaeoglobus fulgidus ModABC (PDB code 2ONK, 

RMSD = 2.11 Å), which is expected to have a similar overall structure as the Sap transporter 

(Figure 4.3B). Some Type I importers have NBDs with regulatory domains that can inactivate 

the transporter by adapting an inhibitory conformation to prevent NBD dimerization. However, 

nthiSapF lacks a regulatory domain as illustrated by the structural alignment with 

Thermoanaerobacter tengcongensis DppD (PDB code 4FWI, RMSD of 1.94 Å), a homolog of 

nthiSapD (Figure 4.1C). 
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Figure 4.3. The 3D structure of Sap transporter component nthiSapF. (A) Cartoon 

representation with two views of nthiSapF shown in orange. The conserved Walker A, Walker B 

and ABC signature motifs are shown in blue, green and red, respectively. The missing loop from 
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residues 176-182 is represented by a dashed line. (B) Two nthiSapF monomers aligned with 

afModC dimer shown in gray (PDB code, 2ONK). Ligands bound at the dimer interface, Mg2+ 

and Pi, are shown in yellow and blue, respectively. (C) Alignment of nthiSapF with nthiSapD 

homolog ttDppD shown in cyan (PDB code, 4FWI). ATP and Mg2+ are bound in the active site 

of ttDppD, represented in green and yellow respectively. A 4Fe-4S iron-sulfur cluster, shown in 

red, is bound at the C-terminal end of the ttDppD and may play a regulatory role in substrate 

transport. 
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4.3.2. Crystal Structure of Unbound NthiSapA 

NthiSapA is an AMP-specific peptide SBP in comparison to more indiscriminate peptide 

SBPs including OppA and DppA. Many Cluster C SBPs have been co-purified and crystallized 

with their canonical substrates. As mentioned in Chapter 3, the structure of natively purified 

nthiOppA was solved with co-purified endogenous peptide. However, endogenous peptides do 

not appear to be bound to nthiSapA during the expression and purification process. This 

highlights the specialized role nthiSapA peptide binding. The crystal structure of nthiSapA was 

solved to resolution of 2.3 Å by molecular replacement (Figure 4.4A). The first 10 residues are 

not visible in the electron density with the refined model starting at Thr32.  

Overall the structure of nthiSapA contains two globular α/β domains that are connected 

by a hinge region at the interface of the domains to form the substrate-binding pocket. One 

unique feature of Cluster C SBPs is an additional sub-domain, IB, which for nthiSapA includes 

residues 46-235. Domain IA spans residues 24-45, 236-313 and 532-564 and domain II contains 

residues 314-531. Given the limited sequence identity of nthiSapA to other Cluster C SBPs, the 

Dali server was used to perform a search of Protein Data Bank for structures similar to nthiSapA. 

The search identified G. parasuis HbpA2 (PDB code 3TPA) in an open unbound conformation 

as most similar to nthiSapA (RMSD 1.625 Å). In comparison, structural alignment of nthiSapA 

with the ligand-bound structure of gpHbpA (PDB code 3M8U) indicates a conformational 

change between the structures (RMSD 3.048 Å). These structure comparisons suggest nthiSapA 

crystallized in an open unbound conformation (Figure 4.4B).  

 

4.3.3. NthiSapA Mediates α- and β-Defensins Killing of NTHi 

NTHi sensitivity to defensin AMPs has previously only focused on the antimicrobial 
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Figure 4.4. Structure of unbound nthiSapA in the open conformation. (A) Cartoon 

representation of crystal structure of unbound nthiSapA with IA, IB and II domains highlighted in 

purple, wheat and cyan, respectively. (B) Structural alignment of nthiSapA in purple with 

gpHbpA2 in gray (PDB code 3TPA) shows nthiSapA has adopted the open conformation in this 

structure. 
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activity of hBD3 and cBD1 (109,115). Our collaborator, Kevin Mason expanded this to include 

hNP1 and hBD2 and determined nthiSapA mediates the resistance of NTHi for all these defensin 

AMPs. The sapA mutant strain was more sensitive to the antimicrobial activity of hBD2 than the 

parent strain, and hBD2 is comparable to hBD3 at similar concentrations (personal 

communication from Kevin Mason). Antimicrobial activity of hNP1 is slightly different from the 

other defensin AMPs. At up to 5 μg/mL of hNP1, the NTHi parent strain was not sensitive to the 

defensin AMP. However, the sapA mutant strain was sensitive to hNP1 and sensitivity was 

independent of AMP concentration (personal communication from Kevin Mason).  

 

4.3.4. NthiSapA Binds Defensin AMPs with High Affinity  

SapA-mediated antimicrobial activity of hNP1, hBD2, and hBD3 was investigated using 

SPR to characterize the binding between nthiSapA and AMPs. NthiSapA binds all three defensin 

AMPs with high affinity (Figure 4.5). NthiSapA has the tightest affinity for hNP1 with a KD 

value of 4.0 nM. The affinity of nthiSapA for the other two defensin AMPs was slightly weaker 

with KD values of 10.5 nM and 17.5 nM for hBD3 and hBD2, respectively. The kinetic and 

equilibrium dissociation constants are summarized in Table 4.7. NthiOppA and ecNikA showed 

no binding specificity for any of the defensin AMPs (data not shown). Similar to other peptide 

binding SBPs, peptide specificity of nthiSapA is independent of peptide sequence. The physical 

properties of the three defensin AMPs vary in peptide length, sequence, and net charge (Figure 

4.6B). The six-cysteine motif is the only conserved feature of the defensin AMPs. Despite these 

distinct characteristics of the defensin AMPs, there is a high degree of similarity in nthiSapA 

binding affinity for these AMPs. 

Tertiary structure analysis of hNP1, hBD2, and hBD3 shows the conserved γ-core domain 
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Figure 4.5. Single cycle kinetic SPR characterization of nthiSapA binding of AMPs. Kinetic 

analysis was performed with five analyte injections at increasing concentrations of nthiSapA, 

noted on the sensogram, over immobilized AMPs. For the association phase, each analyte sample 

was injected in series, with a final dissociation phase. Representative sensogram data shown in 

red and fitted model drawn in black.  
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Table 4.7. NthiSapA kinetic and equilibrium dissociation constants for defensin AMPs.  

 ka1 (M-1s-1) kd1 (s-1) ka2 (s-1) kd2 (s-1) KD (nM) 

hNP1 3.6 (1.5) x 105 1.2 (0.3) x 10-2 6.1 (1.9) x 10-3 6.9 (1.6) x 10-4 4.0 (1.1) 

hBD2 6.3 (9.6) x 105 4.7 (7.1) x 10-2 1.3 (0.8) x 10-2 2.6 (0.1) x 10-3 17.5 (10.1) 

hBD3 7.1 (5.4) x 105 1.9 (1.2) x 10-2 5.9 (1.4) x 10-3 2.2 (0.3) x 10-3 10.5 (5.3) 
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Figure 4.6. The γ-core domain is conserved among the 3D structures of defensin AMPs. (A) 

Cartoon representations of hNP1, hBD2 and hBD3 shown in red, blue, and green, respectively. 

(B) Individual sequences of defensin AMPs with conserved cysteine residues of the γ-core 

domain are highlighted in orange. 
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of these AMPs and highlights the differences in the termini of the peptides (Figure 4.6A). The N- 

and C-terminal regions vary in length and the number of residues between the conserved cysteine 

residues in the γ-core domain differs between the defensin AMPs. Both hBD2 and hBD3 have an 

additional small N-terminal helix in comparison to hNP1. As the smallest defensin, hNP1 has no 

C-terminal residues after the γ-core domain. HBD2 and hBD3 have two and four positive 

residues on the C-terminal end of the domain, respectively. Additionally, the number and 

arrangement of charged residues on the exterior of the peptides differs among all three defensin 

AMPs.  

 

4.3.5. Loop Region of Defensin AMPs Recognized by NthiSapA 

To determine the role of the conserved 3D structure of the defensin AMPs in nthiSapA 

recognition, the γ-core domain was simplified to include only the loop region of hNP1, hBD2, 

and hBD3 (Figure 4.6B). Peptides hNP1loop, hBD2loop, and hBD3loop were synthesized with a 

disulfide bond connecting the termini of each 13-residue fragment to replicate the shape of the 

loop region in the defensin AMPs, and a C-terminal linker was added for peptide accessibility 

after SPR immobilization (Figure 4.7A). The loop regions of hNP1, hBD2 and hBD3 are 

sufficient to maintain recognition of nthiSapA (Figure 4.7B, C and D). The nthiSapA binding 

affinities for hNP1loop, hBD2loop, and hBD3loop are very similar to the full length defensin AMPs 

with the KD values of 17.1 nM, 9.5 nM, and 17.2 nM (Table 4.8). To determine if nthiSapA 

binding was dependent on loop structure, a reducing agent was added to the SPR running buffer 

(Figure 4.7E, F and G). Interestingly, nthiSapA has a slightly higher affinity, increasing about 5- 

to 20-fold, for the AMP loop peptides under reducing conditions with KD values 3.8 nM, 0.9 nM, 

and 0.9 nM for hNP1loop, hBD2loop and hBD3loop peptides, respectively (Table 4.8). NthiSapA
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Figure 4.7. NthiSapA maintains high binding affinity for loop region of defensin AMPs. (A) 

The sequences of the synthetic AMP loop peptides, hNP1loop, hBD2loop, and hBD3loop, produced 

are shown in red, blue and green, respectively. SPR sensograms of AMP loop peptides (B) 

hNP1loop, (C) hBD2loop, and (D) hBD3loop demonstrate the ability of nthiSapA to bind the loop 

region of defensin AMPs. Under reducing conditions to break the disulfide bond, nthiSapA 

maintains specificity for AMP loop peptides (E) hNP1loop, (F) hBD2loop and (G) hBD3loop. 
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Representative sensogram data shown in red and fitted model drawn in black.  

 

 

 

  

Table 4.8. AMP loop peptides kinetic and equilibrium dissociation constants.  

  ka1 (M-1s-1) kd1 (s-1) ka2 (s-1) kd2 (s-1) KD (nM) 

Oxidized – disulfide bridge 

 hNP1 loop 6.0 (1.0) x 105 2.3 (0.1) x 10-2 2.6 (0.3) x 10-3 1.9 (0.2) x 10-3 17.1 (4.4) 

 hBD2 loop 7.5 (1.1) x 105 1.9 (0.1) x 10-2 2.4 (0.2) x 10-3 1.4 (0.2) x 10-3 9.5 (2.0) 

 hBD3 loop 1.0 (0.6) x 106 3.3 (0.9) x 10-2 4.0 (1.6) x 10-3 3.0 (2.1) x 10-3 17.2 (12.0) 

Reduced – two cysteine residues 

 hNP1 loop 8.8 (2.1) x 105 5.0 (0.3) x 10-2 6.4 (0.8) x 10-3 4.5 (0.5) x 10-4 3.8 (0.1) 

 hBD2 loop 7.6 (1.1) x 105 3.4 (0.1) x 10-2 9.5 (0.2) x 10-3 2.4 (0.2) x 10-4 0.9 (0.2) 

  hBD3 loop 2.8 (1.4) x 105 2.8 (2.0) x 10-2 1.2 (0.4) x 10-2 1.2 (0.4) x 10-4 0.9 (0.3) 
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maintains high affinity for hNP1loop, hBD2loop and hBD3loop peptides with net charges of +2, +3, 

and -1, respectively. Additionally, nthiSapA recognizes AMP peptide substrates without 

discrimination for the peptide loop structure. 

 

4.4. Discussion 

The Sap transport system is essential for NTHi colonization and pathogenesis in the host 

environment. NTHi utilizes the Sap system for heme uptake to meet essential metabolic 

requirements. Under stress from host immune response, the Sap system is crucial for evading the 

antimicrobial activity of AMPs. As AMPs accumulate on the outer membrane, they are 

recognized by nthiSapA and shuttled to the Sap TMDs for import into the cytoplasm (Figure 

4.8). Cytoplasmic proteases degrade the AMPs and neutralize the bactericidal activity of the 

peptides (110). NthiSapA provides the first layer of substrate specificity for the transport system. 

The individual Sap transporter components coordinate an additional layer of specificity for 

import of substrates. Our collaborators in the Mason lab have detailed the functionally 

independent roles of nthiSapD and nthiSapF in AMP resistance and heme uptake, respectively 

(115,153). Future studies will expand on our structure of SapF to include the other Sap 

components and understand how the complex formation of Sap components determines the 

substrate specificity of the Sap transporter for heme and AMPs. 

The work presented in this chapter suggests the molecular bases for this multifunctional 

substrate binding of nthiSapA. NthiSapA has about an order of magnitude higher affinity for 

defensin AMPs than for heme. This suggests a substrate hierarchy where nthiSapA preferential 

binds AMPs to prevent the immune response from clearing the NTHi infection. 

Antimicrobial activity of AMPs is largely dependent on peptide concentration. Defensins 
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Figure 4.8. The Sap system in heme uptake and AMP resistance. The Sap importer plays an 

essential role in heme uptake after heme starvation. After defensin AMPs disrupt the bacterial 

membrane, nthiSapA binds the peptides and delivers them to the Sap TMDs for import into the 

cell. Once the defensin AMPs are in the cytoplasm, the peptides are degraded and their 

antimicrobial activity is neutralized.  
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have high membrane partitioning for model bacterial membranes. Despite the low concentrations 

of AMPs needed for antimicrobial activity, membrane partitioning dramatically increases the 

local AMP concentration on the surface of the model bacterial membrane, ranging from 103- to 

106-fold (222-224). This amplification of AMP concentration on the cell surface is necessary for 

membrane permeability. After hNP1 localizes on the membrane, a 1:20 ratio of peptide:lipid is 

needed for the AMP to penetrate the phospholipid bilayer of a model membrane (225). A 

comparison study showed hBD2 and hBD3 have similar membrane permeabilization activity as a 

hNP1 homolog, hNP3 (226). While it is difficult to determine the exact peptide:lipid ratio needed 

for AMPs to perturb the outer membrane of bacteria, there is a high local AMP concentration at 

the site where the peptides successfully break through the cell surface. Negatively charged 

phospholipids could compete with nthiSapA for AMP binding but the affinity of AMPs for the 

bacterial membrane has not yet been characterized. However, relatively weak interactions of 

hNP1 (binding affinity of 2.19 µM) and hBD3 with cell wall precursor lipid II have been 

observed (227,228). The high binding affinity of nthiSapA for defensin AMPs likely helps the 

SBP prevent these peptides from reaching the critical concentration for membrane 

permeabilization and outcompete individual phospholipids for AMP binding.  

Defensins are defined by their γ-core motif. Interestingly, these disulfide bonds are not 

essential to AMP activity. Defensin AMP analogs with a reduced number of disulfide bonds, 

different disulfide bond patterns, or had all the disulfide bonds eliminated maintain antimicrobial 

activity (229-231). Additionally, truncations of defensin AMPs, including an hBD3 analog of the 

loop region, also retain antimicrobial activity (231-234). Theses analogs demonstrate the 

antimicrobial activity of defensin AMPs is not dependent on the overall 3D structure of the γ-

core motif. Upon insertion into the membrane, hNP1 preserves its dimerization and overall 3D 
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structure (235). However, changes to the overall structure of hBD2 and hBD3 after membrane 

binding are not yet known. Possible conformational changes of the AMPs during membrane 

perturbation likely do not disrupt nthiSapA recognition, which binds independent of the peptide 

loop structure. It is difficult to identify the shared characteristics between hNP1loop, hBD2loop, 

and hBD3loop that would activate nthiSapA recognition, and future studies should focus on a 

more comprehensive understanding nthiSapA AMP specificity. 

Many avenues of research promote defensins as a natural blueprint to improve the design 

of therapeutics against pathogens. The defensin analogs are promising candidates for peptide-

based antibiotics or the development of peptide-mimic compounds or (236,237). This work 

shows antimicrobial activity of hNP1, hBD2 and hBD3 is mediated by nthiSapA, and the SBP 

binds these defensin AMPs with high affinity. Additionally, nthiSapA binds the loop region of 

the defensin AMPs and recognition is independent of the loop structure. This highlights the need 

to better understand AMP specificity of the nthiSapA and the Sap transporter for mediating 

NTHi sensitivity to AMPs.  
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CHAPTER 5: 5 

Conclusions  s   
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5.1. The Overlapping Function of SBPs in Heme Uptake 

As a heme auxotroph, NTHi relies on host hemoproteins as a source of the essential 

nutrient during infection. The work presented in this thesis reveals that the four Cluster C SBPs 

that have been identified in NTHi all have specificity for heme. The additional six Cluster C 

proteins from E. coli also all bound heme. Surprisingly, heme specificity was conserved among 

all Cluster C SBPs despite the variation in their canonical substrates. While heme binding of 

some Cluster C SBPs had previously been demonstrated, the heme binding affinity of most SBPs 

had not been measured with analytical methods. The affinity SPR experiments show all four 

NTHi SBPs, which ranges from about 200 nM to 1 μM, nthiOppA < nthiHbpA < NTHI0310 < 

nthiSapA. This is an important step in understanding the concerted effort of overlapping 

transport systems to maintain heme levels in a challenging and dynamic host environment.  

Our data show that heme can be transported by Cluster C SBPs in NTHi. In other nutrient 

uptake systems, SBPs acquire substrate through interactions with other components of the 

transport system including metallochaperones and the receptor/TonB complex (238-241). 

Possible mechanisms for heme acquisition of NTHi Cluster C SBPs in the periplasm are depicted 

in Figure 5.1. The SBPs directly receive imported heme from the outer membrane receptors, a 

periplasmic heme chaperone protein loads the SBPs with heme, or the TonB complex recruits 

SBPs to pick up heme from the outer membrane receptor. In the zinc uptake pathway, SBPs 

AtzC and ZnuA acquire zinc from periplasmic metallochaperones, AtzD and ZinT, respectively 

(238,239). In other nutrient uptake pathways, the interaction between the outer membrane 

receptor and TonB complex acts as a scaffold to position SBPs, FhuD and BtuF, near their 

cognate receptors for delivery of iron-chelated siderophores and vitamin B12, respectively 

(240,241).  
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Figure 5.1. Cluster C SBPs have an important role in the NTHi heme uptake pathway. 

Cluster C SBPs acquire substrate from other components of the transport system, including 

metallochaperones or the receptor/TonB complex, and deliver it to one of the PepT importers for 

import into the cell.  
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Probing the interaction between the SBPs and heme led us to the discovery that the 

individual nthiOppA domains differentially contribute to substrate binding with domain I playing 

a dominant role in heme binding. The results presented in this thesis demonstrate all of the 

Cluster C SBPs have the potential to transport heme and highlight the importance of scrutinizing 

the functional overlap between these proteins when studying the heme uptake pathway.  

A crystal structure of a Cluster C SBP heme complex could reveal the specific protein 

interactions responsible heme binding. However, the low solubility of heme in aqueous buffers 

and low pH crystallization conditions have made it difficult to obtain SBP heme co-crystals. 

Further studies of heme binding by Cluster C proteins are needed to discover the conserved 

heme-binding motif, how the SBPs prioritize heme binding, and the formation of ABC importer 

complexes for heme uptake.  

 

5.2. Ligand-Specific Sites in the SBP Binding Cavity 

The structure and functional studies of nthiOppA revealed two interesting findings: the 

novel nthiOppA hexapeptide complex demonstrated the flexibility of the binding cavity to 

expand and accommodate the longer peptide and ligand-specific sites in the individual nthiOppA 

domains play a dominant role in heme or peptide binding. These discoveries demonstrate the 

complexity of Cluster C SBPs binding cavities to accommodate and coordinate multisubstrate 

specificity for their roles in nutrient uptake and AMP resistance. The significance of the work 

presented in this thesis demonstrates the SBPs do not always have to choose one substrate over 

another and can accommodate canonical and heme substrates at the same time. The 

multifunctional roles of Cluster C SBPs make this a unique class of proteins in the ABC importer 

family yet it is one of the least understood aspects of the transporter mechanism.  
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As with shared heme specificity of Cluster C SBPs, the mechanism for heme and canonical 

substrate binding of nthiOppA is likely conserved in at least some of these SBPs. Interestingly, 

ecNikA has an oversized binding pocket even though it has a small canonical ligand. 

Simultaneous binding of canonical and heme substrates has been observed in an ecNikA 

competition assay were Ni2+ binding did not interfere with heme binding (162). Like nthiOppA, 

the heme binding cleft of peptide SBPs, ecDppA and ecMppA, is in close proximity to the 

peptide binding site. Excess canonical peptide in the growth media reduced heme utilization of 

ecDppA or ecMppA deletion mutants and demonstrated competition between canonical 

substrates and heme for these Cluster C SBPs (164). These SBPs have similar binding cavity 

features with ligand-specific sites for canonical substrates and heme as nthiOppA. To uncover 

the mechanisms regulating which substrates are delivered to ABC importers for transport, further 

understanding of how Cluster C SBPs accommodate canonical substrates and heme in their 

binding cavities and the determinants of substrate hierarchy for transport are needed.  

 

5.3. Sap Mediated Defensin AMP Sensitivity 

AMPs are a critical component of the host immune response to prevent bacterial 

infections. NthiSapA mediates antimicrobial resistance of NTHi defensin AMPs hNP1, hBD2, 

and hBD3. The data presented in this thesis demonstrates nthiSapA has high binding affinity for 

these defensin AMPs. The conserved loop regions of hNP1, hBD2 and hBD3 were sufficient for 

recognition of nthiSapA and binding was independent of the peptide loop structure. NthiSapA 

recognizes AMPs independent of peptide sequence. Overall, this work has broadened our 

understanding of how nthiSapA and the Sap system mediate NTHi sensitivity to AMPs.  

Our collaborator Kevin Mason has shown that some AMPs can displace heme bound to 
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nthiSapA (110). The nthiSapA AMP complex structure would answer outstanding questions 

about nthiSapA AMP specificity and competition between heme and AMPs. Unfortunately, there 

are many difficulties to overcome for co-crystallization of the complex, the heterogeneity of the 

AMP sample, the low solubility of AMPs in salt buffer and the instability of nthiSapA in low salt 

buffer at crystallization concentrations. Future crystallization trials should explore nthiSapA in 

complex with fused fragments of defensin AMPs. Using a linker, target peptides could be 

covalently attached to nthiSapA, leading to a homogeneous sample for crystallization. With their 

high binding affinity, the loop regions of defensin AMPs are promising candidates to help solve 

the structure of nthiSapA bound defensin AMPs. Additionally, nthiSapA recognition of other 

AMPs, such as helical AMP cathelicidin, should be characterized to better understand AMP 

specificity of the nthiSapA.  

Characterizing nthiSapA recognition of AMPs is important for designing new therapeutics 

to mimic the antimicrobial activity of these peptides without activating the Sap transport system 

or inhibit the SBP to increase the sensitivity of NTHi to AMPs. To identify the mechanisms 

driving nthiSapA AMP specificity, further peptide binding and structural studies are needed to 

characterize the protein-peptide interactions that regulate nthiSapA substrate recognition. 

 

5.4. Future Directions to Explore 

5.4.1. Regulation of Substrate Transport 

As our understanding of substrate specificity for NTHi Cluster C SBPs advances, we can 

capitalize on this knowledge to uncovering more about the substrate specificity and transport of 

the PepT importers. The traditional regulatory mechanisms of ABC importers such as expression 

factors that regulate importer transcription or inactivation of the importer through the regulatory 
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domains of the NBDs have not been identified for the PepT transport systems (5). Uncovering 

regulatory mechanisms of the PepT importers will help to elucidate the differential roles 

nthiSapD and nthiSapF in the Sap transport system for AMP resistance and heme uptake, 

respectively. While the structure of nthiSapF did not reveal an obvious accessory domain that 

could serve as a traditional regulatory domain, nthiSapD contains an accessory domain with an 

iron sulfur cluster motif. It is possible that this accessory domain serves as an iron sensor. This 

indicates there is an additional possible level of regulation independent of the SBP’s ability to 

select one substrate over another.  

The assembly of the multicomponent PepT transporters is another avenue by which 

substrate transport could be regulated. Complex formation of the importers could influence the 

substrate specificity of the importer. Further characterization of the homo- and 

heterodimerization of the TMDs and the NBDs is of interest in determining how this may impact 

transport of both the canonical and heme substrate. As mentioned in Chapter 2, MppA selects 

transport systems based on its bound substrates and delivers peptides to the Opp system and 

heme to the Dpp system (164). More work is needed to determine whether all PepT transporters 

are involved in heme uptake or how substrate binding of SBPs can direct noncognate ABC 

importer complex formation. Answering some of the questions will expand our knowledge of the 

multifunctional roles of the Cluster C SBPs and PepT importers.  

 

5.4.2. SBPs are Promising Therapeutic Targets 

Although in its infancy, the use of ABC importers as potential targets to thwart pathogenic 

bacteria has proven to be promising for the development of new therapies. While the approaches 

differ from mimics to inhibitors, the most promising cases capitalize on substrate recognition of 



155 

the SBP or complex formation between the SBP and transporter (242). In these cases, the loss of 

substrate binding or selective transport of substrates results in an inability of the bacteria to 

acquire necessary nutrients to support pathogenesis. Targeting biological systems essential for 

nutrient acquisition provides a viable alternative to therapeutics directed at cell surface proteins, 

which may be prone to antigenic variability or phase variation. Ultimately, therapeutics that 

target ABC importer functions have the potential to disrupt the virulence pathways of bacteria 

(243).  

Targeting the SBP is a promising avenue for the design of therapeutics to restrict nutrient 

uptake by pathogens, thereby leading to the potential decrease in pathogen virulence. The zinc 

uptake pathway has proven the SBP is a promising target for new antimicrobial drugs to inhibit 

substrate binding (125). Additional therapeutics could target the translocation pathway of the 

TMDs and ATP-hydrolysis of the NBDs to prevent transport of nutrients and limit bacterial 

pathogenesis. Recent studies of other transporters, including AcrB and TAP, have identified 

inhibitors that lock the conformation of transporter and prevent substrate translocation (244,245). 

Although more work is still needed, many ABC importers have been identified as essential 

virulence factors for pathogens (242). These findings highlight the many vital cellular functions 

that can be exploited to fight bacterial infections and emphasize the promise of targeting these 

transport systems for the design of therapeutics. 

 There are many possible compounds with antimicrobial activity that might be potential 

therapeutics that exploit these SBP’s roles in the uptake of the essential nutrient heme and 

resistance (Figure 5.2). Heme analog, gallium protoporphyrin IX, is recognized by the heme 

uptake pathway in bacteria and has antimicrobial activity against Gram-negative and Gram- 

positive bacteria (246-248). Additionally, many expect AMP-inspired compounds to be the next 
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Figure 5.2. Therapeutics targeting SBPs to disrupt substrate transport. Allosteric inhibitors 

can prevent the SBP from binding substrates or the transfer of the substrate from the SBP to the 

TMDs. Competitive inhibitors can obstruct the binding cavity and block substrates from binding 

the SBP. Antibiotics that mimic SBP substrates can exploit nutrient uptake pathways to be 

imported into the cell. 
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generation of antimicrobial drugs (249). Some of the current challenges for peptides as novel 

antimicrobial agents are degradation by proteases, bioavailability at the infection site, and high 

production costs. Antibiotics, polymers, DNA, salts, phenolic derivatives, and gold nanoparticles 

are possible AMP-conjugates to amplify the effectiveness of AMPs through mechanisms of 

action that include increasing membrane permeability, reducing antigenicity, or transporting 

drugs across the bacterial membrane (236,250). Nano drug delivery systems can increase the 

biostability of AMPs, reduce off-target toxicity, and improve delivery of AMP to the target site 

(236).  

Currently, there is one AMP synthetic analog approved for use by the FDA, Cancidas®, 

and many others in advanced stages of clinical trials including, iseganan, omiganan, Brilacidin®, 

and Novexatin® (237). Interestingly, Brilacidin®, and Novexatin® are both derivatives of 

defensin AMPs (249,251). Substrate mimetics and analogs have the potential to effectively 

exploit or inhibit the NTHi Cluster C SBPs for the development of therapeutic treatments for 

OM. This work highlights the need for a better understanding of the natural defense mechanisms 

bacteria have developed to evade the host immune response and emphasizes that these defense 

strategies must be considered in the design of new therapeutics.  
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6.1. Controlling Drug Resistance: Functional Studies of Pleotropic Drug Resistance 

(PDR) Transcription Factors 

6.1.1. Introduction 

A wide range of antibiotics and antifungal medications has been developed to treat 

infections. Drug resistance is a major challenge in the ever-escalating fight against pathogens and 

is quickly rendering many of these drugs ineffective. Patients with compromised immune 

systems, the elderly, and infants are the most susceptible to fungal infections. Primary and 

opportunistic fungal pathogens have developed mechanisms to circumvent antifungal drugs. One 

mechanism known as the pleiotropic drug resistance (PDR) pathway utilizes a network of 

proteins to confer drug resistance against a wide range of diverse xenobiotics. Studying the PDR 

pathway in Saccharomyces cerevisiae will lead to a better understanding of homologous 

pathways identified in pathogenic species, such as Canadida albicans, Canadida galbrata and 

Aspergillus fumigatus (252-255). In vertebrates, this pathway is known as multi-drug resistance 

(MDR) and utilizes nuclear xenobiotic receptors, such as pregnane X receptor (PXR), to detect 

xenobiotics (256). The PDR pathway employs ABC transporters, major facilitators superfamily 

(MFS) transporters, sphingolipid biosynthesis proteins and zinc cluster transcription factors to 

identify and expel xenobiotics from the cell (257-259). The PDR response is controlled by 

several transcription factors including two major regulators, Pdr1 and Pdr3 (260,261). 

Transcriptional regulation of drug resistance ABC transporters by Pdr1 and Pdr3 has been well-

characterized (262). Uncovering the DNA-recognition mechanisms of Pdr1 and Pdr3 will lead to 

a better understanding of xenobiotic-activated transcription of drug ABC transporters. 
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6.1.1.1. Pdr1 and Pdr3 — Regulators of the PDR pathway 

The PDR pathway utilizes a sensor/effector regulatory mechanism to detect toxic 

molecules with a range of diversity including detergents, cancer drugs, antibiotics, and 

fungicides through ligand-binding transcription factors. In response to xenobiotics, Prd1 and 

Pdr3 activate the expression of PDR genes. These genes include ABC and MFS transporters to 

export xenobiotics out of the cell and enzymes that can manipulate the lipid composition of the 

membrane to disrupt diffusion of xenobiotics into the cell (Figure 6.1). Together, Pdr1 and Pdr3 

regulate all known PDR genes, including positive autoregulation of Pdr3 (263,264). Of the 

known Pdr1 and Pdr3 target genes, ABC transporters pdr5, yor1 and snq2 have broad substrate 

specificity and are responsible for the efflux of most identified xenobiotics (265-267). Other 

transcription factors, such as Yrr1 and Stb5 have minor roles in the PDR pathway and only 

regulate a subset of PDR genes (268,269). Interestingly, hyperactive phenotypes of Pdr1 and 

Pdr3 have identified gain-of-function mutations that lead to an increase in the transcription of 

ABC transporters and enhance the drug resistance of cells (270,271). 

As functional homologs that share 36% identity, Pdr1 and Pdr3 have overlapping roles in 

the PDR pathway. Either activator is sufficient for regulating the efflux transporters in the PDR 

pathway (263). Inactivation of both Pdr1 and Pdr3 is needed for a corresponding decrease in 

transcriptional levels of target genes, and an absence of both Pdr1 and Pdr3 creates cells that are 

highly susceptible to a broad range of xenobiotics (272). However, a few independent regulatory 

roles of Pdr1 and Pdr3 have been identified. Pdr1 activates the expression of pdr5 for 

cycloheximide resistance and is necessary for the early PDR response to xenobiotics, benomyl 

and fluphenazine (273,274). Loss-of-function mutations in Pdr3 reduce resistance to some 

xenobiotics such as rhodamine 6G and diazaborine despite the presence of functional Pdr1 
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Figure 6.1. Xenobiotic-activated regulation of the pleiotropic drug resistance pathway by 

Pdr1 and Pdr3. PDR genes including ABC transporters, MFS transporters and sphingolipid 

biosynthesis proteins are regulated by Pdr1 and Pdr3. Pdr1 and Pdr3 have three regulatory 

domains: the DBD recognizes the promoter region of PDR genes, the XBD binds xenobiotics, 

and the TAD targets co-activator Gal11 of the Mediator complex. The Mediator complex recruits 

Pol II to activate transcription of the target PDR gene. ABC transporters hydrolyze ATP and 

MFS transporters exchange H+ to transport xenobiotics out of the cell. Additionally, sphingolipid 

biosynthesis proteins modify the lipid composition of the membrane to regulate the diffusion of 

xenobiotics into the cell.  
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(275,276). The xenobiotic-activated mechanisms of Pdr1 and Pdr3 that lead to transcription of 

specific PDR genes and the differential response of the transcription factors to specific 

xenobiotics are unknown. 

 

6.1.1.2. Pleiotropic Drug Response Elements (PDREs) in Promoters of PDR Genes 

In the PDR pathway, Pdr1 and Pdr3 coordinate the expression of PDR genes by 

recognizing consensus motifs called pleiotropic drug response elements (PDREs) (267). The 

canonical PDRE includes 8bps with two everted CGG repeats, TCCGCGGA (277). Interestingly, 

these transcriptional regulators can tolerate sequence diversity within the binding site and 

recognize variant PDRE sites. Promoter regions of PDR genes have varying numbers and 

combinations of canonical and variant PDREs (278). Figure 6.2 depicts the canonical and variant 

PDREs in the promoter region of the prominent multisubstrate ABC exporter Pdr5. Many studies 

focus on pdr5 transcription levels to examine Pdr1 and Pdr3 activity and the resulting drug 

resistance to a broad range of xenobiotics.  

 

6.1.1.3. Functional Domains of Pdr1 and Pdr3 

Pdr1 and Pdr3 each have three regulatory domains (Figure 6.3): the DNA-binding domain 

(DBD), the xenobiotic-binding domain (XBD), and the transactivation domain (TAD) (279-281). 

The DBD recognizes the PDREs in promoter regions of target PDR genes. Truncation studies 

have shown the DBDs of Pdr1 and Pdr3 (residues 1-207 and 1-146, respectively) are sufficient 

for DNA binding (277,279). The XBD is necessary for ligand-binding of Pdr1 and Pdr3 (282), 

and xenobiotic-activation of Pdr1 and Pdr3 can lead to the targeted up-regulation of specific 

PDR exporters. Transcription of pdr5 is preferentially activated in response to cycloheximide, 
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Figure 6.2. Multiple canonical and variant PDREs in the promoter region of pdr5. PDR5_1 

and PDR5_3 are canonical PDREs shown in teal, and PDR5_2 and PDR5_4 are variant PDREs 

shown in red. 
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yor1 for oligomycin, and snq2 for resazurine (272,283). The TAD directly binds co-activator 

Gal11 in the Mediator complex (282), and gain-of-function or loss-of-function mutations in the 

TAD alter Gal11 interactions to increase or disrupt transcription of PDR genes, respectively 

(284,285).  

The DBD contains three motifs, the zinc finger, the linker and the dimerization regions 

(Figure 6.3). Pdr1 and Pdr3 are members of the well-characterized Gal4 zinc cluster transcription 

factor family. These fungal zinc cluster transcriptional regulators share a conserved Zn(II)2Cys6 

motif for DNA recognition (286). There are two metal-binding sites in the zinc finger unit with 

each zinc atom coordinated by three cysteine residues (287). Members of the zinc cluster family 

recognize binding sites that contain direct, inverted, or everted repeats separated by a varying 

number of nucleotides. The orientation and distance of CGG repeats in the DNA-binding site is 

important for zinc finger protein specificity. The linker regions provide a rigid scaffold for zinc 

finger units to bind their targeted DNA motifs (288), and this region provides the specificity for 

Pdr1 and Pdr3 to bind the tandem everted CGG repeats that are characteristic of PDREs. Pdr1 

and Pdr3 form dimers to bind PDREs. The dimerization region consists of a conserved coiled-

coil motif and allows Pdr1 and Pdr3 to form homodimers and heterodimers with each other 

(289).  

The goal of this project was to determine the binding affinity of Pdr1 and Pdr3 DBDs for 

canonical and variant PDREs from the promoter region of pdr5. Expression of Pdr1 and Pdr3 

DBDs was achieved. However, only Pdr1 was stable and homogeneous after purification. Pdr3 

was degraded during expression and purification. I observed the binding of Pdr1 DBD to 

Alexa488-labeled DNA duplexes and measured the binding affinity of canonical and variant 

PDREs by fluorescence polarization. DNA footprinting studies determined Pdr3 protects an 18-
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Figure 6.3. Functional domains of Pdr1 and Pdr3.  Each transcription factor has an N-

terminal DBD that recognizes PDRE binding sites in the promoter regions of PDR genes. The 

XBD directly binds xenobiotics for the differential regulation of PDR genes. The C-terminal 

TAD interacts with transcriptional machinery to initiate transcription. 
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base pair segment of DNA centered on the consensus PDRE sequence (264,290). I included 

these flanking regions of the PDRE sites and discovered Pdr1 DBD DNA recognition includes 

more than the consensus PDRE motif.  

 

6.1.2. Experimental Procedures 

6.1.2.1. Expression Vectors of Pdr1 and Pdr3 

S. cerevisiae Pdr1 and Pdr3 genes were amplified from the yeast cDNA tiling library 

stored in the Northwestern High Throughput Analysis Laboratory. A domain truncation strategy 

was used to optimize solubility of Pdr1 and Pdr3 constructs. Domain constructs were designed 

with ligation independent cloning (LIC) primers, forward primer TACTTCCAATCCAATGCA 

and reverse primer TTATCCACTTCCAATGTTA, for insertion into a N-terminal tag expression 

vector. Using the LIC technique, Pdr1 and Pdr3 domains were cloned into the MSCG10 vector to 

create N-terminal His6-GST (glutathione-S-transferase) fused constructs with a TEV protease 

cleavable tag. All plasmids were verified by sequencing (ACGT Inc.).  

Constructs were transformed in BL21(DE3), BL21(DE3) pLysS, Rosetta(DE3), and 

Rosetta(DE3) pLysS strains for expression testing. Table 6.1 summarizes the Pdr1 and Pdr3 

domain constructs that were created and the initial expression conditions that were tested. In 

brief, expression of Pdr1 and Pdr3 constructs were tested in all four strains. Cells were grown in 

Luria Broth media with the appropriate antibiotics at 37°C. Cells were induced with 400 μM 

IPTG at an OD600 of 0.6. Samples were taking at 0 h and 3 h to evaluate protein expression. 

Alternatively, expression of some strains was carried out using Terrific Broth media with the 

appropriate antibiotics. Cells were grown at 37°C to an OD600 of 0.4, and then the incubator was 

then cooled to 16°C. Cells were induced with 400 μM IPTG at an OD600 of 0.8. Samples were 
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taking at 0 h, 2 h, 6 h, and ON to evaluate protein expression. Anti-His western blots of 

expression time points were used to determine protein expression levels. Pdr1 and Pdr3 

constructs with high expression levels were tested for solubility by trial purifications (Table 6.2). 

 

6.1.2.2. Expression and Purification of Pdr1 

Pdr1 constructs GST_R_1-152 and GST_R_1-168 were expressed in Rosetta(DE3) and 

Rosetta(DE3) pLysS, respectively. Cultures of 1 L Luria Broth media were inoculated with a 

dilution of 1:1000 overnight culture and supplemented with 100 μg/mL ampicillin and 34 μg/mL 

chloramphenicol. Cells were grown at 37°C to OD600 of 0.6 and induced with 400 μM IPTG. 

Cells were cultured for 3 h and harvested by centrifugation at 5000 rpm. Cell pellets were stored 

at -80°C. 

All steps of the purification were kept at 4°C. A 4 g cell pellet was resuspended in 40 mL 

buffer A (25 mM Tris pH 7.5, 150 mM NaCl, 10 μM zinc acetate, 15 mM imidazole pH 7.4, 

10% glycerol) and thawed on ice for 15 min. To prevent protein degradation, 100 μM 

phenylmethylsulfonyl fluoride (PMSF) was added to the resuspended cell pellet before cell lysis. 

The homogenizer was used to mix the cells until the solid portions were completely blended into 

the mixture. In an ice bath, the mixture was lysed for 2 min at amplitude of 40, 2 s on time, and 8 

s off time using S-4000 sonicator. The cellular contents were pelleted by centrifugation at 17,000 

rpm for 30 min. The supernatant was transferred to an equilibrated 6 mL column volume Ni-

NTA affinity chromatography column and allowed to batch on a rotary shaker for 30 min. After 

passing the supernatant over the column, the flow through was collected and passed over the 

column a second time. The column was washed with 10 column volume buffer A. To remove   

bound DNA, the column was washed using a high salt solution with 10 column volume of buffer 
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Table 6.1. Pdr1 and Pdr3 constructs and trial protein expression. 
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Table 6.2. Trial purifications of Pdr1 and Pdr3 constructs. 
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B (buffer A supplemented to 1 M NaCl and 50 mM imidazole pH 7.4). The protein was eluted 

with 10 column volume of buffer C (buffer A supplemented to 300 mM imidazole pH 7.4). For 

the first couple of elution fractions the resin was stirred and incubated for 5 to 10 min in buffer 

C. The eluted protein (determined by SDS-PAGE to be >95% pure) was dialyzed with TEV 

protease in buffer D (25 mM Tris pH 7.5, 150 mM NaCl, 10 μM zinc acetate, 1 mM DTT) for at 

least 4 h. The DTT was removed by overnight dialysis in buffer E (25 mM Tris pH 7.5, 150 mM 

NaCl, 10 μM zinc acetate).  

TEV protease was removed from the sample using an equilibrated 12 mL column volume 

Ni-NTA affinity chromatography column. The dialyzed protein was transferred onto the nickel 

column and the column was batched on a rotary shaker for 30 min. After the dialyzed protein 

was allowed to flow through the column, it was collected and passed over the column a second 

time. The flow through contained the TEV cleaved protein sample. The column was washed with 

10 column volume buffer A, and 10 column volume of buffer F (buffer A supplemented to 50 

mM imidazole pH 7.4). The TEV protease and protein tag was eluted with 10 column volume of 

buffer C. The flow through and equilibration fractions (determined by SDS-PAGE to be >95% 

pure) were immediately concentrated to 1.2 mL using a 10 kDa Amicon concentrator. Pdr1 

constructs may have stability issues while sitting for prolonged periods of time. Immediately 

after concentration, the protein was applied to a HiLoad 16/600 Superdex 200 size-exclusion 

chromatography column in buffer E. The protein fractions were pooled and concentrated. The 

sample quality of R_1-152 (Figure 6.4) and R_1-168 (Figure 6.5) were evaluated by purification 

SDS-PAGE images and size-exclusion chromatograms at each step of the purification process. 
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Figure 6.4. Protein purification of R_1-152. SDS-PAGE images of (A) the first nickel affinity 

column and (B) the second nickel affinity column after TEV protease cleavage of R_1-152. (C) 

Size-exclusion chromatograph of R_1-152. 
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Figure 6.5. Protein purification of R_1-168. SDS-PAGE images of (A) the first nickel affinity 

column and (B) the second nickel affinity column after TEV protease cleavage of R_1-168. (C) 

Size-exclusion chromatograph of R_1-168. 
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6.1.2.3. DNA Annealing 

Oligonucleotides are listed in Table 6.3. Alexa488-labeled ssDNA fragments were 

obtained from IDT Inc. The lyophilized ssDNA was resuspened in ddH2O to make a 1 mM stock 

solution. Complimentary ssDNA was combined in equal volumes and diluted with 2x annealing 

buffer (10 mM Tris pH 7.5, 50 mM NaCl) for a final stock concentration of 250 μM. The sample 

was then heated at 95°C for 5 min. The sample was allowed to gently cool to RT overnight. The 

annealed DNA was stored at -20°C. 

 

6.1.2.4. Fluorescence Polarization Assay 

The dsDNA probe was prepared in binding buffer (50 mM Tris pH 7.5, 45 mM NaCl, 5 

mM MgCl2, 10 μM zinc acetate). Purified Pdr1 from 1 nM to 10 μM (1.5-fold serial dilution) in 

binding buffer was incubated with 2 nM probe for 1 h at 4°C. All fluorescence polarization 

experiments were performed on a Synergy4 (Biotek) at 25°C with excitation and emission filters 

485/20 and 528/20, respectively. Measurements were collected in triplicate using a 384-well 

plate (Greiner Bio-one, Cat. No. 781076). The data were fit with a one-site binding model using 

GraphPad Prism 6.0. 

 

6.1.3. Results 

6.1.3.1. DNA Recognition of Pdr1 DBD Includes Flanking Regions of PDREs 

Fluorescence polarization was used to characterize the DNA-protein interactions of 

PDRE and Pdr1 DBD complex formation (Figure 6.6). All four PDREs from the promoter region 

of pdr5 were synthesized with a fluorescent Alexa488 label on the 5’ end of ssDNA and 

annealed together to create a duplex. Each 18bp DNA duplex was designed to include the 5bp 
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Table 6.3. Alexa488-labeled oligonucleotides. 

  Labeled DNA strand  Complimentary DNA strand 

PDR5_1  Alexa488-ATGTCTCCGCGGAACTCT  AGAGTTCCGCGGAGACAT 

PDR5_2  Alexa488-GTGATTCCGTGGAAAGGT  ACCTTTCCACGGAATCAC 

PDR5_3  Alexa488-CTCTTTCCGCGGAATCGC  GCGATTCCGCGGAAAGAG 

PDR5_4   Alexa488-AAACGTCCGTGGAGAACC   GGTTCTCCACGGACGTTT 
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flanking regions on either side of the 8bp PDRE. 

Table 6.4 summarizes the PDRE binding affinities for the Pdr1 DBD constructs. For R_1-

152, the canonical PDR5_3 has the highest affinity, KD value of 71 nM. Interestingly, the 

flanking regions are a major determining factor for Pdr1 DBD DNA binding affinity. Pdr1 DBD 

has higher binding affinity for variant PDR5_2 than canonical PDR5_1 with KD values of 186 

nM and 371 nM, respectively. Variant PDR5_4 has reduced binding with a KD value of 883 nM. 

Overall R_1-152 and R_1-168 share a similar binding trend with the tightest affinity for PDR5_3 

and weakest for PDR5_4 with KD values of 113 nM and 938 nM, respectively. Again, variant 

PDR5_2 has a higher affinity than canonical PDR5_1 with KD values of 308 nM and 534 nM, 

respectively. The longer Pdr1 construct, R_1-168, has slightly weaker binding affinities for all 

PDREs in comparison to R_1-152. In addition to the PDRE consensus motif, the 5bp flanking 

regions of the PDRE binding site determine DNA recognition of Pdr1 DBD. 

 

6.1.4. Discussion 

These results are significant for the understanding of how PDR transcriptional activators 

interact with multiple binding sites for the overall regulation of a target gene. Pdr1 DBD binding 

affinity ranks from tightest to weakest, PDR5_3 > PDR5_2 > PDR5_1 > PDR5_4. Surprisingly, 

a variant PDRE, PDR5_2 has higher affinity than a canonical PDRE, PDR5_1, indicating DNA 

recognition is not solely dependent on the consensus PDRE sequence. Sequential deletion studies 

of the pdr5 promoter show that the first three PDRE sites are needed for basal expression of 

Pdr5, PDR5_4 can be eliminated without affecting basal levels (291). Pdr1 DBD binding affinity 

of correlates to the regulation of pdr5 expression. Further studies to examine how the flanking 

regions enhanced or depressed binding affinity of Pdr1 DBD for canonical and variant PDREs
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Figure 6.6. Flanking regions of PDREs influences Pdr1 DBD recognition. Fluorescence 

polarization of Pdr1 DBDs (A) R_1-152 and (B) R_1-168 binding the four PDREs from the 

promoter region of pdr5. Canonical PDREs PDR5_1 and PDR5_3 are represented by orange and 

red circles, respectively, and variant PDREs PDR5_2 and PDR5_4 are depicted by blue and 

green circles, respectively. Error bars represent data collected in triplicate, and a one-site binding 

model was used to fit the data shown with lines colored to match the corresponding PDRE. 
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Table 6.4. Pdr1 DBD equilibrium binding constants. 

 R_1-152  R_1-168 

 KD  σ   KD  σ  

PDR5_1 371 ± 54  534 ± 47 

PDR5_2 186 ± 31  308 ± 51 

PDR5_3 71 ± 9  113 ± 17 

PDR5_4 883 ± 223  938 ± 247 

* Standard deviation of triplicates 
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are needed. Mutating pdr5 PDREs to the opposite canonical or variant site would provide a 

direct comparison for the influence of the flanking regions and consensus PDRE sequences on 

binding affinity of Pdr1 DBD. 

The fluorescence polarization experiment developed in this study could be used to measure 

the DNA binding affinity of Pdr3 DBD. Optimization of Pdr3 DBD construct design is needed to 

improve protein expression and prevent protein degradation to produce a homogenous sample 

with high purity. Unfortunately, the temperature-sensitive nature of the DBD constructs have 

made other binding affinity experiments, such as SPR, difficult. One limitation of this study is 

that the Pdr1 DBD constructs are shorter than the predicted DBD (residues 1-207) needed for full 

transcriptional activity. The Pdr1 DBD constructs used are sufficient for DNA recognition but 

might be missing important regions needed for dimerization.  

In a xenobiotic-dependent manner, Pdr1 and Pdr3 differentially regulate PDR genes 

despite the similarities in PDRE sequences. Expanding this study to determine how xenobiotics 

interact with Pdr1 and Pdr3 to influence the DNA recognition of DBD is an important next step. 

A detailed understanding of DBD DNA binding affinity and ligand-binding of the XBD will 

shed light on the mechanism of Pdr1 and Pdr3 xenobiotic-activated regulation of drug ABC 

transporters. More broadly, this research could be used to understand how pathogens acquire 

drug resistance, target drug design for increased therapeutic efficacy and find inhibitors to 

prevent drug resistance of pathogens.  
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